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ABSTRACT 
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CHAPTER  I 


PHYSICAL  AND  MECHANICAL  PROPERTIES  OF  ROCKS 


Introduction 


Physical  (intrinsic)  and  mechanical  (response)  properties  of  rock 
may  be  measured  in  several  different  ways  and  experimentally  determined 
values  of  mechanical  properties  often  depend  upon  the  method  of  measure-, 
ment.  Engineering  design  requires  a  relatively  accurate  evaluation  of 
characteristics  which  affect  the  behavior  of  rock  in  a  particular  environ 
ment.  In  its  response  to  nuclear  blasts  rock  reaction  is  of  interest 
from  the  zero  point  out  to  distances  where  stresses,  accelerations,  etc. , 
become  subcritical  as  far  as  damage  to  underground  openings  is  concerned. 
Thus,  the  melting  point  under  intense  shock,  strength,  elastic  parameters 
visco-elastic  characteristics,  wave  propagation  capabilities  and  related 
properties  are  of  vital  interest.  Some  properties  can  be  measured  both 
in  the  field  and  in  the  laboratory.  Dynamic  moduli  may  approximate 
statically  measured  ones,  or  may  differ  by  more  than  100  percent. 

Methods  of  measurement  and  available  data  from  all  types  of  tests  are 
included  in  Chapter  I  and  Appendices.  Correlation  studies  of  measured 
properties  are  proving  fruitful  in  static  design  applications.  Although 
only  few  quantitative  engineering  criteria  have  been  established,  rapid 
initial  advances  have  been  made  for  static  design  purposes.  Applications 
for  resistance  to  dynamic  loads  are  much  less  completely  developed.  The 
greatest  need  for  research  is  in  the  evaluation  of  effective  properties 
which  will  define  the  response  of  the  rock  to  imposed  loads. 

The  properties  of  rock  and  soil  have  been  the  subject  of  intense 
research  and  considerable  controversy  within  recent  years,  and  like  soil 
mechanics,  the  field  of  rock  mechanics  is  unique  in  that  it  deals  with 
materials  which  must  be  used  for  construction  purposes  in  the  state  in 
which  they  occur  in  nature.  A  detailed  knowledge  of  the  physical  and 
mechanical  characteristics  of  the  rock  at  the  site  of  underground  open¬ 
ings  is  a  necessity  if  the  construction  and  utilization  of  the  installa¬ 
tion  are  to  be  made  with  efficiency  and  security.  The  design  of  an 
underground  structure  requires  knowledge  of  load  distributions  and 
reactions  of  the  inter-dosal  rock  to  these  loads.  The  properties  of  the 
rock  are  prime  factors  in  engineering  design  in  both  surface  and  under¬ 
ground  structures.  Those  which  are  of  greatest  interest  in  the  problem 
of  static  support  of  super -incumbent  rock  are  ultimate  strength,  density, 
permeability,  and  elastic  and  visco-elastic  moduli.  The  physical  prop¬ 
erties  of  rock  which  determine  response  of  underground  structures  to 
dynamic  loadings  have  not  been  clearly  defined  but  could  reasonably  be 
assumed  to  include  alL  of  the  properties  mentioned  above. 

Of  the  characteristics  which  are  important,  density  and  permeability 
are  recognized  as  being  relatively  independent  of  the  size  of  sample 
chosen  and  results  obtained  may  be  applied  to  _in  situ  as  well  as  labora 
tory  investigations.  This  Is  not  the  case  of  ultimate  strength,  elastic 
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or  visco-elastic  moduli.  In  addition,  these  physical  properties  are 
strongly  dependent  upon  the  type  of  test  employed  as  well  as  the  time 
scale  of  the  test.  Since  underground  excavation  operations  are  con¬ 
cerned  with  the  reaction  of  rock  masses  to  forces  which  range  in  time 
duration  from  a  few  micro-seconds  in  the  case  of  blasting  operations 
to  a  period  of  years  in  the  ease  of  underground  opening  utilization, 
it  is  apparent  that  time  dependency  of  mechanical  properties  must 
also  be  considered. 


Nadai  has  classified  solid  materials  as  being  either  (1)  elastic 
(2)  viscous  or  (3)  plastic  when  subject  to  deforming  loads.  More 
recently,  a  rheologic  explanation  of  behavior  has  been  applied  to 
materials  originally  considered  elastic.  The  principle  of  materials 
exhibiting  time  dependent  behavior  is  characterized  by  Eirieh's2  state¬ 
ment,  "Real  materials  exhibit  a  whole  spectrum  of  behavior  from  depend¬ 
ence  of  the  forces  on  the  speed  of  deformation  only  shown  by  liquids, 
to  the  practical  independence  on  speed  of  deformation  and  dependence 
on  the  extent  of  deformation  only,  of  the  ideally  elastic  bodies.  Any 
materials  may  be  caused  to  flow,  i.e.,  become  fluid,  by  varying  tem¬ 
perature  and  force  field."  There  seems  little  doubt  that  a  particular 
rock  may  fall  into  several  of  the  categories  described  by  Nadai  and 
Eirich  depending  upon  the  load  configuration,  magnitude,  rate  of  load¬ 
ing  and  the  duration  of  the  load. 


Rock  is,  in  general,  a  non -homogeneous ,  anisotropic,  discontinuous 
medium.  The  degree  of  departure  from  an  ideal  medium  depends  upon  the 
rock  type,  composition,  depth,  conditions  of  deposition,  etc.  The  rock 
may  range  from  a  practically  ideal  salt  to  an  extremely  anisotropic 
conglomerate.  Spaulding-*  suggests  that  rock  properties  are  a  function 
of  depth,  at  depth  the  rock  becoming  more  compact,  denser,  and  generally 
harder  and  heavier,  while  the  number  of  open  pores  and  cavities  decreases. 


The  fact  that  rock  is  generally  not  homogeneous  has  resulted  in 
considerable  discussion  of  the  validity  of  application  of  test  results 
from  laboratory  samples  to  field  conditions.  Spaulding-*  states  "the 
determination  of  the  elastic  constants  and  other  physical  properties 
of  rock  by  tests  on  small  specimens  will  necessarily  giv,e  very  in¬ 
accurate  results.  The  selection  of  a  specimen  which  will  be  truly 
representative  of  the  rock  is  an  almost  impossible  task;  the  piece 
chosen  will  usually  be  more  homogeneous  than  the  average  rock  which  is 
sure  to  have  a  number  of  weaknesses  in  it." 

Isaacson^  has  stated  quite  aptly  that  conclusions  of  a  static 
pressure  behavior  based  on  conditions  of  pure  elasticity  should  be 
accepted  with  great  caution  if  falling  into  gross  error  is  to  be  avoided. 
Although  many  rocks  exhibit  a  pronounced  elastic  phase  over  a  limited 
pressure  range,  some  local  volumes  of  the  rock  mass  may  be  stressed 
beyond  the  elastic  limit  and  a  plastic  phase  may  occur  before  the  ulti¬ 
mate  point  of  failure  is  reached.  A  further  modification  of  the  elastic 
theory,  Isaacson  states,  is  required  as  a  consequence  of  the  anisotropic 
nature  of  some  rocks.  For  example,  schists  and  shales  are  anisotropic 
in  that  the  elastic,  constants  may  differ  according  to  the  coordinate 
direction  considered. 
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Rock  Properties 


Glassification  of  Rock  Properties. 

For  most  purposes  rock  characteristics  may  be  considered  as  follows: 
I.  Petrographic  Properties 
II,  Elastic  Properties  -  (static  and  dynamic) 

A.  Young's  Modulus 

B.  Modulus  of  Rigidity 

C.  Poisson's  Ratio 

III.  Strength  of  Rock 

A.  Tensile  Strength  and 
Modulus  of  Rupture 

B.  Compressive  Strength 

C.  Shear  Strength 

IV.  Hardness  and  Similar  Properties 

A.  Sclerose ope  Hardness 

B.  Abrasive  Hardness 

C.  Moh's  Hardness 

D.  Impact  Toughness 

V.  Volumetric  Properties 

A.  Apparent  Porosity 

B,  Apparent  Specific  Gravity 

VI.  Other  Properties 


A. 

Fatigue 

is. 

Creep  - 

Viscosity 

of  Plasticity 

c 

Thernia  1 

Expansion 

D. 

Compress 

ibi  1  i.ty 

E. 

Granular 

Structure 

and  Strength 

VII.  Behavior  of  Rocks  Under  High  Confining  Pressures 

VIII.  Fundamental  Strength  of  Hock 

IX.  Miscellaneous 

A.  Drilling  Characteristics  of  Rock 

B.  Blasting  Characteristics  of  Rock 

C.  Other  -  Artificial  Weathering 

Emphasis  is  placed  on  those  properties  which  are  directly  pertinent 
to  the  subject  of  this  report 
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Pet? ofabr lc  , 

One  primary  difference  in  rock?  and  sgils  is  the  degree  of 
cementation.  An  illustrative  study  of  rock  fabric  in  its  relation  to 
physical  properties  was  published  by  the  Bureau  of  Reclamation5.  Other 
detailed  descriptions  of  special  rock  types  found  on  the  Nevada  Test 
Site  are  given  in  Reference  6.  Just  as  is  the  case  with  metals,  the 
grain  size  and  structure  of  rocks  are  determining  factors  in  their  prop¬ 
erties.  Rock  specimens  tested  by  the  Bureau  of  Reclamation  are  first 
classed  according  to  their  genetic  origin,  i.e.,  whether  they  are 
igneous,  sedimentary  or  metamorphic  (Tables  1.1,  1.2,  1.3),  and  are 
examined  under  the  petrographic  microscope.  Further  subdivisions  are 
according  to  compressive  strength  in  descending  order.  Careful  evalua¬ 
tion  is  made  of  spacing,  continuity  and  orientation  of  structural  planes 
such  as  stratification,  jointing,  fracture  or  schistosity.  The  group¬ 
ing  of  rock  types  according  to  strength  is  based  on  the  detailed  micro¬ 
scopic  examination  of  sections  which  are  usually  taken  from  the  ends 
of  the  test  specimens.  Observed  features  include  size,  shape,  packing 
and  orientation  of  the  constituent  grains;  mineralogic  composition; 
degree  of  cementation;  articulation  of  grain  boundaries;  degree  of  alter¬ 
ation;  identity  and  description  of  alteration  products;  development  and 
description  of  seams,  fractures  and  other  discontinuities;  and  the  kind 
and  amount  of  seam  and  fracture  fillings. 

The  petrographic  analysis  represents  a  qualitative  method  of  evalua¬ 
ting  some  of  the  important  characteristics  of  rock  materials,  as  well  as 
providing  a  comprehensive  classification  and  description  of  the  rock.  It 
further  serves  as  a  guide  for  correlation  of  strength  and  elastic  proper¬ 
ties,  although  the  latter  cannot  be  predicted  from  a  petrofabric  descrip¬ 
tion.  Results  of  numerous  laboratory  tests  (Appendix  I-B)  show  that 
rocks  with  almost  identical  geological  classification  vary  widely  in 
their  physical  properties.  Therefore,  to  be  accurate  and  realistic, 
engineering  designs  should  be  based  on  measured  physical  properties  of 
rocks,  or  estimated  by  comparison  with  a  petrographically  similar  rock 
whose  optical  characteristics  correlate. 

Elastic  Properties. 

Birch7  states  that  the  elastic  properties  of  rocks  differ  somewhat 
from  those  of  metals.  It  has  been  found  that  the  clastic  constants  of 
structural  metals  are  nearly  independent  of  the  magnitude  of  stress  within 
the  stress  range  which  is  employed  in  engineering  structures.  However,  a 
number  of  investigations  have  shown  that  the  elastic  "constants"  of  rocks 
are  dependent  upon  Lhe  magnitude  of  stress  in  the  stress  range  involved. 
This  is  particularly  true  at  low  stresses  where  the  relation  between  unit 
strain  and  unit  stress  is  often  not  linear.  For  example,  the  effective 
Young's  Modulus,  if  defined  for  small  displacements  about  the  equilibrium 
displacement  corresponding  to  zero  or  equilibrium  stress,  often  increases 
or  decreases  with  increase  in  stress,  sometimes  by  large  factors.  The 
other  elastic  constants  vary  in  a  similar  manner.  This  type  of  behavior 
has  been  attributed  to  the  initial  porosity  of  most  rocks.  If  a  rock 
is  tested  in  compression  by  the  static  method,  the  pore  spaces  are  at 
least  partially  closed  by  the  initial  compression  and  the  initial  strain. 

In  the  dynamic  method  of  testing  the  pore  spaces  and  heterogeneity  of 
rocks  also  cause  deviations  from  the  assumed  behavior  of  an  ideal  specimen. 
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Thus,  sonia  calculated  values  of  Poisson's  ratio  may  turn  out  to  be 
negative  when  calculated  from  dynamically  determined  elastic  moduli. 
Certain  sedimentary  rocks  may  show  discrepancies  due  to  processes  in¬ 
volved  in  their  deposition.  Thus,  all  elastic  constants  should  be 
employed  only  with  the  knowledge  of  how  they  were  determined  and  what 
they  really  represent. 


Young's  Modulus  of  Elasticity.  Young's  modulus  of  elasticity  is 
defined  as  stress  divided  by  the  strain  for  any  given  elastic  substance 
under  stress.  For  many  metals  and  other  materials  this  relationship  is 
considered  to  be  constant  up  to  the  yield  point  as  in  mild  steel,  for 


example.  Similarly,  Poisson's  ratio  and  the  modulus  of  rigidity  are 


assumed  to  be  constant  over  a  given  range  of  stress.  For  many  rocks, 


however,  these  values  are  not  constant  over  the  "elastic  range". 


If  dynamic  specimens  are  vibrated  unstressed,  the  resulting  value 
of  Young's  modulus  is  tin:  tangeuL  value  at  aero  load.  Secant  values  and 
average  values  are  sometimes  employed. 


Various  types  of  stress-strain  curves,  concave  downward,  concave 
upward  and  straight  line  have  been  obtained  from  static  tests  for  different 
rocks.  The  flat  initial  portion  of  the  curve  for  some  sandstones  is  most 
likely  due  to  un  initial  stage  of  compression  which  involves  little 
elastic  strain  hut  consists  largely  of  forcing  grains  closer  together 
and  partially  filling  the  voids  in  the  rock.  The  flattening  of  some 
curves  in  their  upper  portion  might  be  due  to  a  failure  of  some  of  the 
weaker  constituents  of  the  rock. 


Modulus  ot  Rigidity.  If  a  small  block  of  clastic  material  is  acted 
upon  by  two  uon-coJ .incur  forces  (couple)  a  shearing  stress  is  produced 
and  the  body  is  deformed  The  modulus  of  rigidity  is  defined  as  the 
shearing  stress  divided  by  the.  deformation.  It  can  also  be  shown  that 
the  three  elastic  constants  E,  (’.  and  V  (Poisson's  ratio)  are  related  by 
the  Col  lowing  equal  ion 


The  third  constant  i an  always  be  calculated  if  ihe  other  two  are  known. 
Poisson's  ratio  is  a  pure  number  and  E  and  G  are  in  lb/in''  in  the  English 
system  of  units 


The  rigidity  ol  rm  Its  is  a  luticLiou  of  the  confining  pressure  (the 
pressure  around  the  rock  other  than  the  deforming  force).  Very  large 
changes  in  rigidity  are  observed  in  many  rocks  upon  the  application  of 
the  first  few  hundred  atmospheres  of  confining  pressure.  Where  such 
pressures  are  very  high  the  change  oi  rigidiLy  with  pressure  becomes 
nearly  linear  and  smaller 


RigidiLy  might  be  defined  as  Lhe  ability  of  solid  matter  to 
offer  instantaneous  resistance  to  deformation.  If  Lhe  modulus  of  rigi¬ 
dity  can  be  taken  as  a  measure  of  this  property,  then  sandstone  has  a 
low  rigidity,  while  that  of  limestone,  granite,  marble,  slate,  and 
greenstone  vary  increasingly  in  the  order  named.  If  a  rock  were  perfectly 
rigid,  its  shape  would  re  re,  a ;  u  unchanged  no  matter  what  the  magnitude  or 
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length  of  duration  of  the  applied  stress.  In  a  single  crystal,  rigidity 
is  largely  determined  by  the  arrangement  of  the  atoms  (and  related  factors), 
with  interatomic  forces  holding  them  in  equilibrium.  Most  rocks,  however, 
are  masses  of  various  size  crystals  and  grains,  so  stresses  and  deforma¬ 
tion  are  concerned  with  intercrystalline  bonds  as  well. 

The  dynamic  modulus  of  rigidity  may  be  determined  with  ease  by  a 
laboratory  method.  The  fundamental  frequency  of  torsional  vibration 
of  a  cylindrical  specimen  is  measured.  The  torsional  velocity  of  sound 
and  dynamic  rigidity  modulus  of  the  specimen  is  then  calculated  from 
appropriate  equations. 

g 

In  Situ  Moduli  Tests.  Nicholls  has  reported  a  new  technique 
in  the  determination  of  elastic  constants  of  rock  in  situ.  Longitudinal 
and  shear  waves  were  generated  in  rock  by  small  explosive  charges  in 
shallow  drill  holes.  Accelerometers  and  strain  gages  were  employed 
to  measure  arrival  time  for  both  waves.  From  wave  velocities  and  meas¬ 
ured  density,  Poisson's  ratio,  modulus  of  elasticity,  modulus  of  rigidity, 
Lame's  constant  and  the  bulk  modulus  were  calculated.  The  same  types  of 
waves  and  values  of  elastic  constants  were  determined  by  laboratory 
methods  and  the  results  compared  (Table  1.4). 

The  equations  employed  to  calculate  the  elastic  constants  from  field 
studies  are  as  follows: 


V 


Poisson's  Ratio 


(1.2) 


G  =  pVgE  =  Modulus  of  rigidity 


Lame's  constant 


(1.3) 


(1.4) 


(1.5) 


bulk  modulus 


(1.6) 
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where 

p  =  density 

Vp  =  longitudinal  velocity 

V  =  shear  velocity 

The  calculations  from  field  data  are  primarily  from  the  ratio  of 
longitudinal  and  shear  velocities.  The  field  studies  gave  higher  values 
for  E  than  laboratory  tests  and  more  l  \°.3 enable  values  for  Poisson's 
ratio. 


Comparison  of  Static  and  Dynamic  Measurements.  Since  laboratory 
dynamic  determination  of  Young's  modulus  usually  involves  low  stresses, 
a  comparison  of  static  and  dynamic  values  of  Young's  modulus  is  meaning¬ 
ful  only  if  the  values  of  the  static  Young’s  modulus  are  taken  at  com¬ 
parable  stress  levels,  i.e.,  using  initial  or  aero  stress  tangent  modulus. 


It  has  been  found  that  values  obtained  by  static  techniques  are 
lower  than  those  obtained  by  dynamic  methods,  the  difference  in  the  con¬ 
stants  so  determined  varying  from  0  to  300  percent.  The  difference  lias 
been  explained^*  ^  as  being  due  to  the  presence  of  fractures,  ct<.-.ks  or 
cavities,  with  the  static  yielding  being  increased  by  deformation  of 
cracks  and  cavities  and  the  dynamic  measurements  being  less  influenced. 

A  stress  wave  is  transmitted  by  the  matrix  of  rock,  and  high  frequency 
components  are  reflected  and  refracted  from  the  crevices  and  cavities. 

The  greater  the  degree  of  compactness  of  the  rock,  the  more  nearly  static 
and  dynamic  constants  may  agree,  as  illustrated  by  the  following: 


Quincy  granite 
Sudbury  norite 


Young's  modulus 
Stat ic  Dynamic 

(dynes/cmK) 

3.5  x  1011  4.3  x  1011 
8.3(5  x  1011  8.82  x  1011 


Poisson's  ralio 
Static  Dynamic 

0.10  0.33 

0.22  0.27 


The  higher  value  of  Young's  modulus  and  the  closer  agreement  of  Lhu 
static  and  dynamic  values  indicate  that  Sudbury  norite  is  more  compact 
than  the  Quincy  granite. 

The  Bureau  of  Reclamation^  investigated  the  difference  between 
dynamic  and  static  moduli  of  the  Davis  Dam  f oundat ion^r ock  and  their 
results  agree  with  the  conclusions  of  Zlsman  and  Ide.  ’ ^  The  mean  value 
of  Young's  modulus  in  dynamic  measurements  was  lound  to  be  1,000,000  psl 
and  that  in  static  measurements  was  50,000  psi.  A  longitudinal  pulse 
transmitted  across  water-filled  gaps  in  concrete  or  across  a  crushed 
concrete  specimen  showed  little  attenuation  of  velocity.  Dynamic  measure¬ 
ments  could  therefore  indicate  a  fictitiously  high  value  of  modulus  for 
rock  or  concrete  that  was  completely  fractured.  Similar  results  were 
obtained  by  Dvorak^  for  a  medium  under  pressure,  but  differences  did 
not  exceed  50  percent  because  fractures  were  partially  closed  by  pressure 
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The  ratio  of  the  dynamic  to  static  moduli  varies  between  0.85  and 
2,9, *’  based  on  data  determined  by  the  Bureau  of  Reclamatipn  (Table 
1.5).  (The  description  of  the  rocks  investigated  and  the  value  of 
Young's  modulus  and  Poisson's  ratio  for  static  and  dynamic  tests  (Tables 
1.1  -  1,3)  does  not  detail  such  factors  as  open  fractures,  porosity, 
alteration,  or  boundaries  between  crystals).  The  discrepancy  between 
static  and  dynamic  values  is  less  for  rpcks  which  have  a  larger  elastic 
modulus.  It  should  be  emphasized  that  equations  relating  velocity  to 
Young's  modulus  are  based  upon  the  ideal  assumptions  that  rocks  are 
homogeneous  and  isotropic. 

The  variation  of  values  of  dynamic  constants  is  dependent  on  fre¬ 
quency  in  a  range  from  40  to  140  cps^^  for  different  rocks  (Figure  1.1). 
Test  results  indicate  that  the  higher  the  frequency,  the  higher  Young's 
modulus,  wxth  values  being  from  2.1  -  2.6  percent  higher  for  the  various 
rocks  tested.  For  higher  frequencies  Birch  and  Bancroft^  f0Und  that  in 
the  frequency  range  140  -  4500  cps  the  variation  is  less  than  1  percent, 
and  the  increase  of  Young's  modulus  does  not  exceed  4  percent. 

Specific  Damping  Capacity.  This  factor  is  a  measure  of  the  vibra¬ 
tional  energy  absorbed  by  the  rock  and  may  be  considered  to  be  a  measure 
of  the  internal  friction.  It  is  determined  by  the  "sharpness"  of  reso¬ 
nance  that  is  evident  when  a  specimen  is  vibrated  through  a  range  of 
frequencies  centered  on  the  fundamental  longitudinal  resonant  frequency. 
(See  U.S.  Bureau  of  Mines  R.I.  3891  for  mathematical  expressions).  For 
damping  of  the  dry  type  (coulomb  damping),  the  damping  la  commonly 
assumed  to  be  independent  of  the  velocity  and  thus  independent  of  the 
frequency.  The  specific  damping  capacity  is  somewhat  sensitive  to  mois¬ 
ture  content. 


Rock  Strength. 

Tensile  Strength,  The  strength  of  rock  in  tension  is  one  of  its 
most  important  engineering  properties,  because  a  large  portion  of  rock 
structure  failures  are  due  to  failure  in  tension.  The  blasting  action 
of  conventional  explosives  on  rock  depends  largely  upon  the  rock's  tensile 
strength  as  well  as  other  physical  properties.  Rocks  are  much  weaker  in 
tension  than  in  shear  or  compression. 

Modulus  of  Rupture.  The  modulus  of  rupture  has  the  unit1’  of  stress, 
and  is  computed  from  the  flexure  formula  a  =  Where  £  i s  th?  stress, 

1 

M  the  bending  moment  at  failure,  £  the  distance  from  the  neutral  axis 
and  _I  the  moment  of  inertia  of  the  cross-section.  Tests  are  performed 
on  laboratory-size  rock  specimens. 

Test  values  obtained  by  this  method  are  higher  than  those  obtained 
by  a  tensile  strength  test,  possibly  due  to  the  small  area  of  the  speci¬ 
men  under  tension  in  the  rupture  test.  From  the  formula  it  can  be  seen 
that  the  modulus  is  proportional  to  the  load  the  specimen  will  support. 
Flexure  strengths  of  rocks  so  tested  vary  from  500  to  8000  lb./in2  which 
values  are  roughly  one-tenth  to  one-twentieth  their  compressive  strengths. 
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TABLE  1.513 


ROCK  NAME 

Chalcsdonic  llmsatons 
Llmaatona 
Oolitic  llmaatona 
Quartzose  shole 
Monzonlts  porphyry 
Quartz  diorit • 

Stylotitie  llmastons 
Biotite  schist 
Uimaiton* 

Llmaatona 
Si  Itstona 
Subgraywacka 
Saricita  achiat 
Subgraywacka 
Quortzoaa  phylllte 
Calcareous  (Hale 
Subgraywacka 

Granite  (slightly  altered) 
Graphitic  phyllite 
Subgraywacka 


YOUNG'S  MODULUS 


Static  Young's  modulus 
Dynamic  Young's  modulus 


RATIO 

0.85 

-j  1.06 
1.18 
1.33 

1.36 
1.42 
1.46 
148 

i.ro 

1.86 

2.05 

2.11 

2.36 

2.37 
2.45 

2.56 

2.57 
2.75 
2.78 
2.90 


MEASURE  OF  YOUNG'S  MODULUS 


1.14 


60  80  100  120 


4.3 


60  80  100  120 


60  80  100  120 

FREQUENCY  ( cycles  / sec. ) 


Figure-  1 1 1 .  Influence1  of  frequency  on  dynamic  values  of  Young' u 
modulus 
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Compressive  strength.  Limestones  and  sandstones  are  weak  In  compres¬ 
sion,  and  granite,  marble,  slate,  and  greenstone  exhibit  greater  strength. 
Some  are  stronger  parallel  to  the  bedding  and  others  perpendicular  to  the 
bedding. 

Where  a  test  specimen  is  subject  to  a  compressive  unidirectional 
load,  a  study  of  Mohr's  circle  for  stress  distribution  shows  that  a  shear 
stress  exists  at  an  angle  to  the  direction  of  loading.  Thus  it  is  possible 
for  the  specimen  to  fail  in  shear.  The  only  case  where  pure  compression 
exists  is  where  the  specimen  is  subject  to  equal  pressure  (hydraulic)  in 
all  directions.  Failure  in  this  case  could  only  occur  due  to  compression 
of  pore  space  with  resultant  fracture  of  grains  and  movement  along  grain 
or  crystal  boundaries. 

Shear  strength.  There  appear  to  be  few  daLa  available  relative  to 
the  shear  strength  of  rocks  and  no  accepted  tests  to  determine  this 
property.  However,  rocks  subject  to  load  are  seldom  free  from  shear 
stresses,  and  if  weak  in  shear,  stress  caused  by  a  compressive  load  may 
cause  them  to  fail  due  to  induced  stresses  along  shear  planes,  the  angle 
of  failure  depending  upon  confinement. 


Hardness  of  Roc ks;  . 


Various  concepts  of  hardness  do  not  lend  themselves  to  exact  defini¬ 
tions  In  usual  physical  units.  The  hardness  scale  (Moh's)  employed  in 
mineralogy  is  based  upon  the  ability  of  one  substance  to  scratch  another. 
This  familiar  scale  of  hardness  gives  talc  a  hardness  of  1  and  diamond  a 
hardness  of  10,  the  difference  in  hardness  between  9  and  10  being  much 
greater  than  that  between  1  and  9.  Relatively  homogeneous  substances 
such  as  metals  are  much  easier  to  classify  as  to  their  hardness  than 
rocks.  The  majority  of  rocks  is  heterogeneous  in  character  and,  hence, 
a  type  ot  integrated  or  average  hardness  over  a  representative  surface 
is  usually  determined. 

Scleroscopc  Hardness .  A  Shore  Scleroscopc  indicates  the  Scleroscope 
hardness  of  a  substance  by  tbe  height  (or  an  arbitrary  scale  of  0  to  120 
divisions)  of  rebound  of  a  diamond  pointed  (pin-point  -  0.03  in.2)  hammer 
whicli  is  dropped  vertically  on  the  test  surface.  The  impact  of  the  point 
may  produce  some  crushing  of  a  microscopic  nature,  but  this  may  be  neglec¬ 
ted  for  practical  purposes. 

Basically,  the  scleroscopc  reading  is  a  measure  of  an  elastic  pro¬ 
perty  of  the  material  being  tested.  That  is,  the  distance  of  rebound 
of  the  hammer  depends  upon  the  coefficients  of  restitution  of  the  diamond 
point  and  the  rock.  If  the  rock  crushes,  this  decreases  the  rebound 
energy  and  the  consequent  height  of  rebound  by  an  amount  equal  to  the 
crushing  energy  and  the  energy  otherwise  absorbed  by  the  rock  and  the 
instrument . 

The  direct  application  of  scleroscope  readings  to  the  engineering 
design  of  underground  openings  is  not  clearly  defined,  as  is  the  case 
with  many  of  the  other  physical  properties  of  rock.  However,  it  is  aL 
least  superficially  a  measure  of  the  response  of  rock  to  an  Impact  load 
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of  a  given  type  and  as  such  might  be  employed  as  a  guide  to  the  manner 
in  which  rocks  will  behave  when  subjected  to  the  repeated  impact  of 
shock  waves  from  explosions  in  drill  round. 

Abrasive  Hardness,  This  test  employs  a  rotating  abrasive  wheel  or 
plate  against  which  specimens  are  held.  The  specimens  are  abraded  for 
a  given  number  of  revolutions  til  6  weight  of  material  lost  is  a 
measure  of  the  abrasive  hardness. 

Impact  Toughness,  This  method  involves  determining  the  impact 
toughness  of  a  rock  by  dropping  a  weight  from  successively  greater 
heights  until  such  a  height  is  reached  that  the  specimen  is  fractured. 
Impact  toughness  may  be  related  to  compressive  strength,  but  seems  to 
be  affected  to  a  greater  extent  by  foliation  weakness.  Inasmuch  as 
axial  compressive  stresses  are  accompanied  by  shear  stresses,  the  impact 
toughness  would  be  affected  by  shear  strength  as  well.  The  ability  of 
the  rock  to  absorb  or  dissipate  impact  energy  must  also  be  considered. 

Ball  Mill  Grlndabilit y .  Although  the  procedure  for  this  test  is 
prescribed  in  certain  standardized  tests,  it  is  not  considered  an  essen¬ 
tial  part  of  the  program  of  study  of  underground  structures.  A  crushed 
specimen  of  a  given  size  range  of  particles  is  placed  in  a  ball  mill 
and  the  reduction  in  size  of  particles  for  a  given  number  of  revolu¬ 
tions  of  the  mill  is  interpreted  in  terms  of  a  gr Lndabi 1 ity  index. 


Volumetric  Properties. 

Apparent  Porosity.  This  characteristic  is  defined  as  the  ratio  of 
the  volume  of  open  pore  space  in  the  specimen  to  the  exterior  volume. 

It  is  obtained  by  measuring  the  difference  in  weight  of  a  rock  which  is 
dessicator  dried  and  then  water  saturated.  The  porosity  of  a  rock  so 
determined  is  also  an  indication  of  its  granular  structure. 

All  rocks  which  are  composed  of  crystals  have  measurable  amounLs  of 
porosity,  and  these  pore  spaces,  both  open  and  closed,  arc  the  cause  of 
many  difficulties  involved  in  the  measurement  of  the  elastic  properties 
of  rock.  The  pore  spaces  are  made  up  largely  of  irregular  thin  cracks 
separating  the  crystal  grains.  Granites,  gabbros,  and  other  igneous 
rocks  exhibit  rather  low  porosities,  granites,  having  porosities  which 
average  about  1  percent  Gabbros  ordinarily  have  a  porosity  whose  order 
of  magnitude  is  about  0.1  percent  of  the  volume.  Sandstones  and  lime¬ 
stones  possess  much  higher  porosities,  depending  upon  their  particular 
physical  characteristics  such  as  grain  size,  cementing  material,  etc. 

It  is  the  porosity  of  some  limestones  plus  their  chemical  nature  that 
makes  them  amenable  to  mineralization  or  replacement. 

Porosity  at  relatively  low  confining  pressures  has  at  least  two 
effects  which  contribute  to  the  anomalous  clastic  behavior  of  rock: 

(1)  Complicated  stress  conditions  are  created  duo  to  the  existence  of 
discontinuities  caused  by  crystal  boundaries  and  spaces  between  crystals, 
and  (2)  a  looseness  of  structure  which  may  be  caused  by  crystalline  com¬ 
position  or  granular  structure. 
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Apparent  Soesiflc  Gravity.  This  property  is  determined  by  the  stan¬ 
dard  method  of  dividing  the  weight  of  a  rock  by  the  weight  of  an  eqijal 
volume  of  water.  The  term  "apparent  specific  gravity"  is  used  because 
water  cannot  penetrate  the  closed  pore  spaces  inside  of  the  rock,  and, 
hence,  the  specific  gravity  measured  by  water  displacement  methods  in¬ 
cludes  the  effect  of  internal  pore  spaces  as  well  as  that  of  the  con- 
stituent  minerals. 


Other  Properties, 

Fat igue .  Repeated  stresses  in  a  rock  structure  may  cause  it  to  fail 
through  fatigue  failure,  even  though  the  stresses  are  well  below  the  ulti¬ 
mate  strength.  It  is  a  well  known  fact  that  metals  may  resist  a  steady 
load  of  considerable  magnitude  without  rupture,  but  fail  when  this  stress 
is  repeated  many  times.  During  the  thousands  of  years  which  have  elapsed 
since  the  original  formation  of  rock  structures  they  have  been  subjected 
to  repeated  stresses  of  different  types  and  magnitudes  but  their  time 
distribution  is  of  such  a  character  that  the  rocks  had  time  to  relieve 
themselves  of  one  stress  before  another  was  applied.  In  this  case  plas¬ 
tic  or  viscous  flow  usually  would  take  place.  However,  Philips^  conducted 
a  test  on  marble  which  illustrates  the  response  of  rock  to  repeated  load¬ 
ings  and  a  final  sustained  load  to  failure,  l.e.,  a  type  of  fatigue  failure. 

1  ft 

Creep .  Griggs  performed  a  series  of  experiments  on  rocks  to  deter¬ 
mine  their  creep  (visco-elastic)  characteristics.  Many  substances  in¬ 
cluding  metals,  plastics,  etc.,  will  yield  continuously  or  creep  when 
they  are  subjected  to  stresses  below  their  elastic  limit  for  a  long 
period  of  time.  Allowance  for  this  characteristic  must  be  made  in  some 
heavy  machinery.  While  experimentation  on  rocks  has  been  primarily  con¬ 
cerned  with  the  geological  behavior  of  rocks  under  stress,  i.e.,  the 
flow  of  rocks  subject  to  tectonic  forces,  the  results  obtained  from 
these  studies  indicate  some  important  facts  that  are  of  interest  in  the 
study  of  rock  mine  structures. 

When  rocks  arc  subject  to  stresses  for  long  periods  of  time,  the 
terms  "elastic  limit,"  "set  point"  and  "strength"  lose  their  ordinary 
meaning  because  they  usually  define  properties  in  terms  of  short  period 
tests.  Creep  may  be  analyzed,  according  to  Griggs,  as  an  aggregate  of 
two  types  of  flow:  (1)  "pseudo-viscous  flow,"  which  is  deformation  at 
a  constant  rate,  and  (2)  "elastic  flow,"  which  decreases  logarithmically 
wi  th  t ime . 

The  data  plotted  or.  logarithmic  coordinates  for  the  creep  of 
Solenhofen  limestone  under  a  Load  of  1400  kg. km2  at  23°C.  (normal 
strength  2560  kg. km2),  resulted  in  a  curve  whose  equation  is: 

s  (6.10  -  5.20  log1Qt)  10~5  (i .  7) 

where  s_  is  the  shortening  per  unit  length  and  £  is  the  time  in  days. 

The  same  curve  plotted  on  cartesian  coordinates  shows  that  the 
rock  shortens  rapidly  during  the  first  part  of  the  test  period  and  then 
the  curve  levels  off  rapidly  as  time  goes  on.  The  time  for  limestone  to 
shorten  is  well  within  the  range  of  time  periods  over  which  mine  pillars 
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are  required  to  support  stresses  which  may  be  even  closer  to  their  ulti¬ 
mate  strength  than  the  load  on  the  limestone  discussed  above, 

Flow  or  creep  of  rocks  is  largely  a  result  of  rearrangement  of 
atoms  within  crystals  (intraerystalline  slip).  For  example,  evidence 
points  to  the  hypothesis  that  creep  in  lead  is  largely  due  to  inter¬ 
granular  motion  whereas  rapid  deformation  occurs  largely  by  intra¬ 
crystalline  slip. 

Thermal  Expansion  of  Rock.  The  thermal  expansion  of  various  rocks, 
particularly  those  of  a  heterogeneous  character  like  granite,  which  i9 
composed  of  a  mixture  of  non-oriented  crystals,  involves  a  complex  group 
behavior.  Investigators,^  however,  beliave  that  the  tendency  of  silica 
to  expand  may  persist  and  exhibit  itself  throughout  the  variations  of 
structure  and  chemical  complexity.  The  coefficients  of  expansion  in 
those  rocks  which  contain  silicates  are  considered  as  being  conditioned 
by  the  presence  of  alumina  and  silica  independent  of  other  variables. 
This  generalisation  does  not  apply  to  those  rocks  such  as  limestone, 
travertine,  and  marble,  which  do  not  contain  appreciable  amounts  of 
silica. 


Some  rocks  show  a  low  rate  of  expansion  for  lower  temperatures,  and 
the  rate,  increases  as  the  temperature  increases.  When  specimens  are 
cooled  after  heating,  their  contraction  is  less  than  their  expansion, 
i.e.,  they  show  a  permanent  set.  Coefficients  of  expansion  (in  Fahren¬ 
heit  scale)  vary  from  0.0000067  for  cherts  and  quartzites  to  a  minimum 
of  0.0000022  for  diabases,  gabbros,  and  basalts,  with  an  average  of 
0.0000045  for  granites,  limestones,  sandstones,  slates  and  marbles. 


Compressibility.  The  compressibility  of  a  substance  is  usually 
defined  as  the  relative  change  in  volume  per  unit  change  in  pressure 
referred  to  an  arbitrary  initial  pressure.  This  may  be  represented  in 
terms  of  partial  differentials  or  in  terms  of  finite  changes  in  volume 
and  pressure, 
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the  latter  being  for  small  changes  and  both  defined  for  changes  at  con¬ 
stant  temperature.  In  these  equations  B  is  the  compressibility,  V  the 
volume  of  the  sample  at  pressure  P,  V0  the  volume  at  an  initial  pres¬ 
sure,  P(),  and  K  Is  the  bulk  modulus  in  the  elastic  range.  It  is  assumed 
that  the  temperature,  chemical  composition  and  physical  state  of  the 
sample  remain  constant  and  that  the  pressure  is  hydrostatic.  The  unit 
pressure  commonly  employed  is  the  bar .  (  1  bar  =  106  dynes/cm.  or 

0.987  atmospheres).  The  units  of  measurement  of  compressibility  are 
the  reciprocal  of  the  pressure  units  employed. 

20 

Compressibility  of  common  minerals  is  given  in  Tables  1.6  and 
1.7.  These  values  were  obtained  by  means  of  testing  specimens  in  a 
heavy  walled  cylinder  under  high  pressure.  Volume  changes  were  measured 
by  appropriate  electrical  devices  which  were  selected  for  their  accuracy. 
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TABLE  1.6 


COMPRESSIBILITY  OF  ROCKS 

(Hydrostatic  pressure.  Direct  measurement  of  volume  change.  Pressure 

range,  2,000  to  12,000) 


Description 

Pressure, 

bars 

Westerly  granite . 

2.12 

0.19 

Washington  granite..., . 

2.23 

0.24 

Stone  Mountain  granite . . 

2.06 

0.17 

Sudbury  diabase . . 

1.37 

0.11 

Palisade  diabase.. . 

1.54 

0.2 

Maryland  *,iabase. . . . . . 

.  2,000 

1.23 

0.16 

New  Glasgow  gabbro . . . 

1.34 

0.2 

Whin  Sill  diabase . 

.  2,000 

1.70 

0.3 

New  Jersey  basalt..... . . 

2.4 

0.4 

Balsam  Gap  dunite.... . . 

0.79 

•  •  • 

Serpentine. . . . 

1.79 

0.31 

Colorado  marble . . . 

1.37 

•  •  • 

Obsidian . 

2.82 

0.07 

Tachylite  (basalt  glass)....... 

1.45 

i  I  « 

(Plate  glass) . . . 

2.22 

0.10 

dp 


TABLE  1.7 


COMPRESSIBILITY  OF  ROCKS 

(Hydrostatic  pressure.  Volume  change,  determined  from  change  of  length) 


Descript  ion 

Quartzite  sandstone . . 

Quincy  granite  (from  235  ft.) . 

Rockport  granite . . . 

French  Creed  norite . 

Sudbury  norite . 

Olivine  diabase . 

Vermont  marble . . . 

Limestone . . . 

Solenhofen  limestone  (not  covered) .  . 

Dolomite . . 

Lipari  obsidian . . . 

Lipari  obsidian., . . . 

Ascension  Island  obsidian . 

Diabase  glass . . 


Pressure , 

I06p 

Pressure, 

i°% 

bars 

bars 

300 

3.55 

600 

3.15 

300 

3.18 

600 

2.55 

300 

3.39 

600 

2.71 

300 

2.64 

600 

1.69 

300 

1.75 

600 
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It  is  noteworthy  that  whereas  the  concept  of  compressibility  can 
be  applied  to  anisotropic  materials  which  are  made  up  of  grains  or  cry* 
stais,  other  purely  elastic  properties  such  as  rigidity.  Young's  modulus 
and  Poisson's  ratio  can  be  applied  with  accuracy  only  to  those  materials 
which  are  isotropic,  or  which  approach  a  condition  of  isotropy  such  that 
elastic  conditions  may  be  assumed  without  any  degree  of  error, 

A  comparison  of  the  compressibilities  of  various  rocks  with  those 
of  the  minerals  of  which  the  rocks  are  composed  show  that  the  acidic 
rocks  have  much  lower  compressibilities  and  in  general  consist  of  less 
compressible  minerals.  For  pressure  above  2000  bars  the  compressibility 
of  a  rock  can  be  calculated  with  satisfactory  accuracy  from  the  indivi¬ 
dual  compressibilities  of  the  various  minerals.  Below  this  pressure  the 
agreement  between  calculated  and  measured  results  vary  as  much  as  5 
percent.  To  calculate  the  compressibility  on  this  basis  the  volume  per¬ 
centage  of  each  mineral  is  multiplied  by  its  compressibility  and  the 
sum  of  these  products  is  then  the  calculated  compressibility. 

Figure  1.2  shows  that  at  pressures  of  about  2000  bars  the  compres¬ 
sibility  of  various  rocks  of  given  types  is  nearly  the  same.  The  width 
of  the  shaded  areas  between  the  curves  indicates  the  degree  of  variation 
that  might  be  expected  for  ordinary  rocks  within  a  given  class,  in  this 
case  granites,  gahbros  and  diabases.  Open  and  closed  pore  spaces  probably 
account  for  the  abnormally  high  compressibility  at  low  pressures.  Gabbroic 
rocks  may  have  a  porosity  of  about  0.1  percent  of  the  total  volume  while 
that  of  granitic  rocks  is  notably  higher,  but  seldom  exceeds  1.0  percent. 

A  general  criterion  seems  to  be  derivable  from  the  initial  effect 
of  pressure  on  rigidity:  A  larger  initial  change  in  rigidity  with  the 
application  of  pressure  is  an  indication  of  high  porosity. 

Granitic  rocks  may  sometimes  exhibit  anomalous  elastic  behavior 
because  fl)  they  are  composed  of  highly  compressible  and  less  compres¬ 
sible  mineral  grains,  which  result  in  a  complicated  set  of  stress  con« 
ditions  with  respect  to  individual  mineral  grains,  or  (2)  they  possess 
an  original  looseness  of  structure  which  allows  the  elastic  behavior  to 
become  simplified  only  after  the  application  nf  sufficient  pressure  to 
make  the  mineral  grains  tightly  locked  together. 


Granular  structure  and  strength. 

It  has  been  found  that  gr'  a  size  in  metals  is  very  closely  related 
to  the  strength  of  the  metal,  he  decrease  in  grain  siac?  being  accompan¬ 
ied  by  an  increase  in  strength.  Also,  the  addition  of  small  amounts  of 
carbon  to  iron  forms  steel.  In  tni.s  case  the  greater  strength  of  the 
steel  over  the  iron  is  believed  to  be  partly  due  to  the  formation  of 
hard  shells  around  the  soft  iron  crystals.  The  constituents  of  igneous 
rocks,  however,  do  not  form  alloys  in  the  s  one  manner  that  metals  do. 
Consequently,  there  seems  to  be  only  a  very  limited  parallelism  between 
the  properties  of  rocks  and  metals. 
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Figure  1.2. 
a  function  of  pressure 


Compressibility  of  granites, 
:  pressure.  (Gutenberg). 
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Fine  gpatned  rocks  have  been  shown  to  break  under  expression 
with  so-called  ''extensions!  rupture."  According  to  Rove  these  rocks 
are  brittle,  competent,  strong  and  have  a  high  crushing  strength. 

Because  of  the  high  resistance  to  compressive  stresses,  and  frequently 
low  ratio  of  tensile  to  crushing  strength,  these  rocks  are  believed 
to  commonly  develop  tension  joints  or  faults  which  are  characterised  by 
the  development  of  open  spaces.  Breakage  of  coarse  grained  rock  of 
low  crushing  strength  and  a  higher  ratio  of  tensile  to  shear  strength 
may  result  in  development  of  faulting  characterized  by  shear  zones  and 
the  development  of  possible  gouge.  In  a  medium  grained  rock  a  shattered 
condition  is  postulated  by  Rove. 

The  depth  of  the  rocks  in  the  earth's  crust  plus  their  physical 
character  thus  have  an  important  effect  upon  their  perviousness  to 
solutions,  particularly  along  fault  zones.  Their  physical  character 
is  also  a  determining  factor  in  their  deformation  or  failure  under  the 
stresses  of  post-mineral  faulting,  which  is  a  dominant  factor  in  the 
processes  which  effect  the  strength  of  mine  structures. 

The  results  of  test  data  accumulated  by  the  U.S.  Bureau  of  Mines 
(Appendix  I-B)  are  not  conclusive  concerning  the  relation  of  petrographic 
fabric  of  rocks  to  their  physical  properties.  For  example,  only  one 
quartzite  was  tested  in  the  groups  whose  properties  have  been  published. 
In  this  type  of  rock,  not  only  the  grain  size  but  the  cementing  material 
would  affect  the  physical  character  of  the  rock.  The  grain  size  of  the 
mineral  constituents  of  various  igneous  rocks  is  also  a  prominent  factor 
in  determining  their  properties,  but  the  presence  of  soft  minerals  or 
the  effects  of  alteration  are  often  more  important  than  grain  size 
and  obscure  the  effects  of  the  latter.  Also,  the  physical  properties 
of  various  rocks  are  particularly  sensitive  to  the  percentage  composi¬ 
tion  of  the  minerals  in  the  rock.  These  relations  have  only  been 
observed  in  a  qualitative  manner,  however. 


Behavior  of  Rocks  under  High  Confining  Pressures 
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Quartz  and  limestone.  Experiments  which  were  conducted  by  Griggs 
and  others  in  which  crystals  of  quartz  were  subjected  to  compressive 
stresses  up  to  138,000  atmospheres  while  the  crystal  was  under  a  confin¬ 
ing  pressure  of  20,000  atmospheres  did  not  show  that  quartz  had  any 
degree  of  plasticity.  (The  compressive  force  which  was  applied  is  equi¬ 
valent  to  pressures  that  might  be  encountered  at  a  depth  of  280  miles 
under  the  earth's  surface).  At  a  high  temperature  of  400°  C.  and  a 
pressure  of  4000  atmospheres,  quartz  showed  a  tendency  to  fracture  into 
needles  with  definite  crystallographic  features.  Under  the  highest 
confining  pressures  employed,  single  crystals  of  quartz  ruptured  only 
under  stresses  approaching  the  extremely  high  value  of  2,000,000  lb.  In.'-' 

Figure  1.3  shows  how  rapidly  the  strength  of  quartz  increases  with 
increasing  confining  pressures.  Figure  1.4Z  shows  similar  curves  for 
limestone  and  marble,  whose  ultimate  strength  increased  600  percent  when 
the  rocks  were  subjected  to  confining  pressures  up  to  10,000  atmospheres. 
It  is  remarkable  that  these  rocks  showed  less  plastic  flew  for  slowly 
applied  stresses  than  for  those  applied  more  rapidly,  which  is  an  opposite 
effect  from  that  postulated  by  geologists  to  explain  rock  flow  in  the 
earth's  crust. 
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Figure  1.3.  Increase  of  strength  with  confining  pressure  for 
single  quartz  crystals  cut  parallel  to  the  e  axis.  (Griggs) 
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A  microscopic  study  of  the. effects  of  deformation  upon  the  rock 
fabric  of  marble  showed  that  the  deformation  seemed  to  be  purely  plastic. 
Two  important  observations  were  that  (1)  there  was  no  marked  change  in 
grain  sine  or  shape  in  the  marble,  and  (2)  the  crystals  of  the  deformed 
marble  were  highly  twined  with  traces  of  orientation  of  the  twining. 


Effect  of  Time  on  Strength. 

Research  data  indicate  that  solid  relatively  homogeneous  specimens 
of  rock  under  confining  pressure  which  are  subjected  to  stresses  below 
their  "elastic  limit"  will  not  fail,  no  matter  how  long  the  force  is 
applied.  Under  these  conditions  the  "elastic  limit"  is  a  constant  inde¬ 
pendent  of  the  length  of  time  of  application  of  the  force,  but  the  ulti¬ 
mate  strength  is  found  to  vary  considerably  with  the  duration  of  the 
deforming  force,  and  if  any  force  below  a  limiting  value  is  applied  to 
the  rock  for  any  definite  time  the  rock  will  not  fail. 


Effect  of  Pressure  on  Fracture  and  Flow. 


Geologists  have  long  believed  that  when  a  rock  is  deformed  under 
high  confining  pressures  such  as  those  postulated  to  exist  at  depth  in 
the  earth's  surface  that  it  will  flow.  That  is,  they  have  made  a  dis¬ 
tinction  between  a  "zone  of  fracture"  and  a  deeper  "zone  of  flow",  but 
laboratory  experiments  have  failed  to  produce  continuous  flow  under  high 
confining  pressures.  Completely  reversing  predictions,  however,  lime¬ 
stone  at  a  confining  pressure  of  10,000  atmospheres  behaved  as  a  brittle 
substance.  No  plastic  deformation  before  rupture  was  measured  and  the 
character  of  fracture  was  the  same  as  at  atmospheric  pressure.  This 
pressure  corresponds  roughly  to  that  at  22  miles  depth  in  the  earth. 

The  change  In  physical  character  of  rock  (i.e.,  stress-strain  proper¬ 
ties)  with  confining  pressure  is  shown  in  Figure  1.5.  The  curves  for 
the  tests  at  low  confining  pressures  (1200  and  aOOO  atmospheres)  are 
characteristic  of  brittle  materials.  That  is,  the  rocks  rupture  with¬ 
out  deviating  from  approximately  clastic  behavior.  The  curves  at  high 
pressures  are  characteristic  of  materials  such  as  some  metals,  which  have 
a  yield  point  at  ordinary  pressures,  show  a  region  of  plastic  deformation, 
and  some  work  hardening  before  they  rupture. 


Fundamental  Strength. 

From  the  previous  discussion  concerning  the  properties  of  rock, 
it  is  evident  that  no  simple  equation  of  state  or  no  single  usable  stress 
equation  can  be  derived  which  will  be  applicable  to  complex  geologic 
structures  which  may  occur  around  mine  openings.  Equations  based  upon 
elastic  theory  have  been  applied  with  success  to  the  relatively^ideal 
geologic  structures  in  the  oil  shale  mines  at  Rifle,  Colorado.  ’  How¬ 
ever  simple  undisturbed  mine  structures  such  as  these  are  unusual.  The 
effects  of  bedding  planes,  joints,  faults,  cracks,  alteration,  mineraliza¬ 
tion,  etc. ,  and  the  resultant  heterogeneity  of  composition  and  structure, 
make  practical  mathematical  analysis  of  complex  structures  impossible.  The 
strength  of  the  component  parts  of  a  mine  structure,  their  position 
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relative  to  each  other,  their  size,  etc.,  are  all  determining  factors  in 
the  strength  of  the  over-all  structure. 

It  has  also  been  emphasized  above  that  the  element  of  time  has  a 
very  important  effect  upon  the  reaction  of  solid  materials  to  stresses. 
Crystal  structure,  porosity,  grain  size  and  other  small  scale  physical 
characteristics  further  increase  the  complexity  of  evaluating  the 
strength  of  rock. 

While  a  mathematical  evaluation  is  not  in  all  cases  attainable, 
Billings^h  has  suggested  a  general  criterion  which  is  most  useful  to 
both  mining  engineers  and  geologists.  The  fundamental,  strength  of  solid 
materials  has  been  defined  by  him  as  the  stress  which  a  material  is  able 
to  withstand,  regardless  of  time,  under  any  given  conditlons--tempcrature, 
pressure,  being  subject  to  solutions--without  rupturing  or  deforming 
continuously. 

This  concept  can  be  easily  extended  to  apply  to  a  mine  structure 
of  any  size  or  complexity,  and  does  not  depend  upon  approximations  of 
elastic  constants  or  the  evaluation  of  strengths  of  large-scale  mine 
structures  from  specimens  of  laboratory  size.  It  is  obvious  from  the 
outset  that  the  quantitative  determination  of  an  exact  number  which  would 
represent  the  fundamental  strength  of  a  given  mine  structure  is  an  im¬ 
possibility.  On  the  other  hand,  from  the  mass  of  geological  data  usually 
available  in  any  mining  distr. et  it  should  be  possible  to  arrive  at  an 
index  of  fundamental  strength  of  structures  which  can  be  employed  as  a 
reliable  guide  in  fixing  the  safe  size  of  openings,  choosing  the  proper 
excavation  method,  locating  permanent  mine  openings,  etc. 

It  has  been  found,  for  example,  that  the  percentage  recovery  of 
rock  core  from  diamond  drill  operations  is  a  very  good  indication  of  the 
strength  of  the  rock  structure  being  drilled.  The  ability  of  rock  to  re¬ 
main  as  a  solid  core  is  dependent  largely  upon  the  same  characteristics 
which  make  for  competent  mine  structures.  These  include  tensile  and 
shear  strength,  and  lack  of  cracks,  fissures  and  other  weaknesses. 

Other  valuable  data  which  may  be  obtained  from  core  drilling  arc  dis¬ 
cussed  by  Loofbourow. 2 ? 


Velocity  of  Longit-ncHn al  Waves  in  Rocks. 

The  velocity  of  longitudinal  stress  waves  in  rocks  is  a  function  of 
several  factors;  the  state  of  stress,  stress  level  of  the  wave,  water 
content,  rock  porosity,  texture,  temperature,  and  direction  of  propaga¬ 
tion  with  respect  to  stratification.  Generally,  velocities  arc  higher 
for  rocks  which  are  more  dense  and  compact,  and  are  much  lower  for  un¬ 
consolidated  materials.  Average  values  of  velocity  for  some  common  rocks 
and  earth  materials  are  given  below  and  in  Table  1.8:^ 
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Rock 

Alluvium 

Loam 

Sand 

Loess 


Unconsolidated 

Av.  Value 

1  km/s 
1  km/s 
1  km/s 
0.5  km/s 


The  longitudinal  bar  velocity  is  related  to  the  propagation  velocity  in 
an  infinite  medium  by  the  equation: 


V=V  _ . 1  -  v  (1.9) 

t  (1  +  v>  (1  -  2v) 

where  V  is  the  velocity  in  an  infinite  medium;  V  ,  the  longitudinal  bar 
velocity;  and  v,  Poisson's  ratio. 

Method  of  Measurement .  Two  methods  are  commonly  employed  for  lab¬ 
oratory  and  field  determination  of  velocities;  (1)  a  frequency  resonance 
method  and  (2)  a  pulse  technique.  In  the  first,  a  cylindrical  specimen 
is  vibrated  longitudinally  and  the  velocity  calculated  from  the  measured 
fundamental  frequency  of  vibration.  In  the  second,  a  pulse  is  sent 
through  a  rock  specimen  or  a  rock  in  situ,  and  the  travel  time  of  the 
pulse  is  measured  between  two  points.  (See  Appendix  I-A.)  Various 
methods  include  seismic  velocity  logging  methods  using  a  transmitter  capa¬ 
ble  of  producing  discrete  sound  pulses,  laboratory  experiments  in  which 
the  pulse  is  provoked  by  a  piezo-electric  crystal  of  quartz  or  polarized 
barium  tltanate  ceramic,  and  creation  of  a  pulse  by  impact  from  a  pen- 
dulum-typc  hammer  on  an  end  of  the  specimen.  The  different  pulse  methods 
may  yield  different  values  for  the  propagation  velocity  in  a  given  rock, 
and  no  comparison  of  results  or  specific  advantages  appears  to  have  been 
made  for  them. 
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State  of  Stress.  Laboratory  tests  by  Toucher  ,  Wyllie  and  others  ’ 
indicate  that  velocity  values  under  various  types  of  compressive  loading 
are  not  significantly  different  except  when  the  specimen  is  under  uni¬ 
axial  pressure  and  the  velocity  is  measured  in  a  direction  perpendicular 
to  the  stress.  A  sample  may  be  subjected  to  either  a  hydrostatic  pres¬ 
sure,  a  trlaxial  pressure  or  a  uniaxial  pressure  with  the  velocity  meas¬ 
ured  parallel  or  perpendicular  to  the  higher  stress.  Velocity  values 
measured  parallel  to  a  uniaxial  stress  are  3  percent  lower  than  those 
determined  under  a  triaxial  pressure.  Toucher  found  values  measured 
perpendicular  to  a  uniaxial  stress  were  10  percent  lower  than  those  above 
and  suggests  that  the  anisotropic  behavior  of  the  rocks  under  simple 
axial  pressure  can  give  a  possible  method  for  determining  the  state  of 
stress  in  rock  Jai  s itu .  Figure  1.6  demonstrates  data  obtained  by  Toucher 
for  granite  and  Figure  1.7  similar  results  by  Wyllie  for  sandstone. 

For  the  majority  of  rocks  velocities  increase  with  state  of  stress. 

As  pressure  is  increased  from  0  to  500  bars,  velocities  increase  10  to  30 
percent  of  their  zero  stress  value.  For  an  increase  from  500  to  2,000 
bars,  the  rise  in  velocity  is  3  to  8  percent  and  above  2,000  bars  it 
increases  very  slowly  from  0.3  to  2  percent  per  1,000  bars,  as  indicated 
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Figure  1.6.  Variation  of  longitudinal  velocity  (km/s)  with  uniaxial  and 
hydrostatic  pressure  (kg/cm").  (31) 
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in  Figure  1,8.  Some  rocks  show  very  little  increase;  Modoc  obsidian 
(Figure  1,9)  is  anomalous  in  chat  it  shows  a  decrease. 

At  low  pressure  (0  *  1,000  bars),  the  initial  increase  in  velocity 
caused  by  stresses  can  be  attributed  to  the  presence  of  cracks.  Transient 
stress  pulses  cannot  be  transmitted  across  narrow  air  gaps  without  very 
large  loss  in  amplitude11.  Thus,  when  there  is  no  pressure  on  the  rock, 
the  open  cracks  impede  the  progress  of  the  wave  which  must  be  refracted 
and  reflected  around  the  cracks.  The  transit  time  is  greater  than  that 
of  a  wave  in  unfractured  rock,  or  rock  in  which  pressure  has  closed  the 
cracks  (Figure  1.10), 

By  means  of  the  dilatational  wave  equation  values  of  E  and  v  in  Berea 
sandstone  have  been  cuuipulcd  and  compared  to  the  measured  values  at  the 
same  stress  level.  "he  measured  quantities  are  very  different  from  those 
which  were  computed  (figures  1.11  and  1.12).  This  indicates  that  the  vel¬ 
ocity  at  different  stress  levels  cannot  always  be  deduced  from  slope  of 
a  s It ess -s train  curve. 

Effect  of  Wave  Amplitude,  The  velocity  of  a  stress  wave  may  also 
depend  on  the  amplitude  or  stress  level  of  the  wave  itself.  Stress 
waves  generated  by  a  near  explosion  have  higher  amplitudes  than  those  of 
pulses  encountered  in  laboratory  tests.  If  the  difference  in  amplitude 
results  in  a  difference  in  velocities,  dispersion  phenomena  will  occur. 
Rinehart1 3  has  pointed  out  that  the  relationship  between  propagation 
velocity  and  stress  levels  of  the  wave  may  be  deduced  from  theory  of 
elasticity. 

Water  Content  and  Velocity.  The  influence  of  the  water  content  on 
the  velocity  of  a  stress  wave  can  be  studied  at  atmospheric  or  higher 
pressure.  Tt  has  been  observed-^.  33 , 34  important  to  evalu¬ 

ate  the  pressure  applied  both  to  the  rock  grains  and  to  the  water  in  the 
pores.  When  the  external  pressure  applied  to  the  sample  is  equal  to 
zero  and  when  the  wat.er  content  increases  from  zero  to  saturation,  the 
velocity  increases,  for  example  in  Berea  sandstone  (Figure  1.11).  and 
for  the  curves  a  and  b  in  Figure  1.11,  the  water  pressure  is  low  and  the 
rock  framework  under  high  pressure.  For  curve  c,  the  water  pressure  is 
high  and  the  rock  pressure  mw.  If  there  is  an  external  pressure,  the 
important  factor  is  tin  rock  pressure.  If  the  solid  phase  or  the  differ¬ 
ential  pressure  AT  icmains  constant,  the  velocity  is  almost  Independent 
of  external  pressure  for  sandstone  (Figure  1.14). 

The  velocity  vs.  water  content  at  atmospheric  pressure  for  three 
sandstones  (Figure  1.15)  showed  marked  decrease  as  saturation  was  reduced 
from  100  percent  L,.  about  70  percent,  nearly  constant  velocities  between 
70  percent  and  10  percent  and  variable  trends  below  10  percent.  The 
variation  at  350  bars  is  much  less  than  at  atmospheric  pressure.  At 
atmospheric  pressure  the  stresses  are  transmitted  through  water  filled 
spaces  and  not  (hr, -ugh  air,  significantly  increasing  the  velocity.  At 
high  pressure  the  water  or  air  content  becomes  less  important  because 
the  closing  of  cracks  increases  the  transmission  of  wave  energy,  and  the 
velocity  in  the  compacted  rock  is  much  greater  than  that  in  air  or  water. 
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Figure  1.10.  Dtlatational  velocity  (km/s)  versus  pressure  (bars). 
Velocity  measured  when  decreasing  g^essure  is  higher  than  velocity 
measured  when  increasing  pressure. 


Figute  1 . 1 1 .  ^Stress -strain  curves  and  Poisson's  ratio  versus  stress  for 
a  sandstone. 
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Figure  1.12.  Comparison  between  measured  propagation  velocity  and  vel¬ 
ocity  computed  from  the  stress-strain  curves  of  Figure  1,11,  (32) 
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Figure  1,13.  Longitudinal  wave  velocity  (km/s)  versus  pressure  (bars) 
for  different  water  content.  The  great  difference  in  velocity  for  95 
percent  and  100  percent  saturated  specimens  is  due  to  the  difference  in 
the  conditions  of  pressure.  (32), 
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The  Bureau  of  Mines  found  a  20  percent  decrease  in  velocity  for 

;  two  sandstones  at  saturation.  This  abnormal  behavior  has  not  been 

j  explained- Ani may  Jhe  due  to  absorption  phenomena. 

j  Velocity  vs.  Porosity.  In  general,  the  wave  velocity  decreases  as 

porosity  increases  due  to  two  kinds  of  porosity-^2:  (!)  intergranular  poro¬ 
sity,  and  (2)  secondary  porosity  caused  by  natural  fracturing  or  solution 
of  the  primary  rock  structure.  Porosity  due  to  solution  differs  from 
intergranular  porosity  in  that  the  spaces  formed  are  larger  and  less 
uniformly  distributed.  Secondary  porosity  does  not  have  much  influence 
upon  the  propagation  velocity  of  stress  waves  in  dolomite  (Figure  1.17). 

Experimental  values  for  velocities  in  various  types  of  dry  and 
saturated  sandstone  with  different  types  of  cementing  material  (calcite, 
silica  or  clay),  show  that  the  relationship  between  velocity  and  porosity 
considerably  outweighs  the  importance  of  cementing  materials. 

32 

Similar  data  obtained  from  oil  wells  show  a  trend  relating 
decreased  velocity  with  increased  porosity  (Figure  1.19).  The  average 
curve  deduced  from  these  data  and  the  values  of  the  velocities  and  poro¬ 
sities  obtained  from  measurements  in  a  specific  oil  well  (Figure  1.20) 
shows  a  good  degree  of  correlation.  The  experimental  data  of  Figure  1.19 
were  obtained  from  different  types  of  rock;  sandstone,  and  limestone, 
from  various  depths  (2,000  to  10,000  ft.)  and  from  different  geographical 
locations . 

Among  several  theories  proposed  to  relate  propagation  velocity  to 
porosity,  a  time  average  relation  by  Wyllie-*2  has  given  good  results. 
Opposing  this,  Ueertsma-^  believes  that  such  a  relation  is  fortuitous. 
Paterson39  classifies  theories  according  to  the  degree  of  coupling 
between  the  pore  filler  and  the  framework  of  the  porous  medium.  Geertsma 
utilizes  Blot's  theory  for  a  relation  between  velocity  and  porosity  which 
is  applicable  when  the  deformation  properties  of  the  material  are  known. 
From  measured  deformation  properties  of  sandstone,  Geertsma  computed  the 
velocity  as  function  of  porosity  and  compared  it  with  experimental  values 
(Figures  1.21  and  1.22).  The  application  of  theory  to  limestone  is  more 
complicated  because  a  distinction  must  be  made  between  the  effects  of 
shell-shaped  pores  and  spherical  pores.  It  has  been  found  that  the  effect 
of  porosity  on  velocity  is  smaller  for  limestones  with  shell-shaped  pores. 

Effects  of  Stratification.  Most  rocks  are  anisotropic^’ ^  described 
by  an  anisotropy  factor  which  is  defined  as  the  ratio  of  the  velocity 
along  layers  or  cleavages  to  the  velocity  perpendicular  to  layers  or 
cleavages.  The  velocity  parallel  to  the  layers  has  been  found  to  be 
greater  than  the  velocity  perpendicular  to  the  layers  with  some  values 
as  follows: 
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Figure  1,18.  Deduced  curve  for  longitudinal  wave  velocity  vs,  porosity 
for  sandstone  cores.  (36) 
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Figure  1  .  1  C1  .  Lung  t  Luil  innl  wave  velocity  vs.  porosity, 
average  curve  compared  with  time  average  formula  (16) 
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Figure  1.20,  Comparison  between  measured  porosity  and  porosity 
deduced  from  the  value  of  measure  velocity  and  the  experimental 
average  curve  of  Figure  1.19.  (36) 
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Figure  1.21.  Longitudinal  velocity  as  function  of  porosity  in  sand 
stone  for  different  value  of  n-n.  (38) 
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Figure  1.22,  Longitudinal  velocity  vs.  porosity.  Comparison 
between  results  given  by  Biot's  theory  and  experimental  results 
for  sandstone.  (38) 
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Anisotropy 

Rock  Faetor  Reference 


Austin  chalk 

1.17 

31 

Homogeneous  anhydrite 

1.16 

40 

Anhydrite  with  intercalated  limesfonep 

1,12  to  144 

40 

Umestone  - 

1.08  to  140  • 

40 

Arbuke  limestone 

1.3 

36 

Salt 

no  anisotropy 

40 

Sandstone 

no  anisotropy 

40 

Eagle  Ford  shale 

1.33 

36 

Pierre  shale  (Limon,  Colo.) 

148 

36 

Pierre  shale  (Last  Chance,  Colo.) 

1.14 

36 

Cambridge  slate 

1.07 

31 

Lorraine  shale 

1.4 

31 

Gneiss,  Hell  Gate,  N.Y. 

1.2 

28 

Micaschist,  Woodsville,  Vt. 

1.36 

28 

Granodiorite  gneiss,  Bethlehem,  N.H, 

1.33 

28 

Gneiss,  Pelham,  Mass. 

1.27 

28 

Rock  Texture  and  Velocity.  The  relation  of  rock  texture  to  velocity 
has  been  investigated,  but  limited  largely  to  porosity  studies  described 
above.  Birch^1  has  indicated  a  possible  relationship  of  average  velocity 
in  rock  with  the  velocities  of  the  mineral  components.  It  is  assumed 
that  over  a  path  L,  reasonably  long  compared  to  the  mean  crystal  diameter, 
that  a  pulse  traverses  each  mineral  in  ratio  to  its  proportion  by  volume 
in  the  rock.  Thus  the  travel  time  is: 


T  = 


L 

V 


Lxx  LX2 

vT  +  vT 


■f  • 


(1.10) 


where  j 

T  =  travel  time 
L  =  path  length 
V  =  velocity  in  rock 

Vlf  V8..Vi  =  velocities  in  minerals  1,  2,  ...i 

Xj_,  x2  =  x^  proportion  by  volume  of  minerals  1,  2,  ...i 

The  velocity  is  then  expressed  by: 


V 


(1.11) 


This  development  takes  into  account  only  the  composition  of  the  rock  and 
gives  satisfactory  results  at  high  pressure.  It  does  not  account  for 
such  factors  as  grain  size,  or  preferred  orientation  of  crystals  which 
may  be  significant. 

31 

The  importance  of  the  rock  texture  is  illustrated  (Figure  1.23) 
in  its  effect  on  pulses  in  a  sample  of  Piitsford  marble  under  uniaxial 
pressure.  A  first  arrival  of  a  wave  with  a  very  gradual  rise  time  was 
observed,  followed  by  a  much  sharper  wave  of  higher  energy.  It  was 
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1.23.  Slow  and  fast  arrival  pulses  for  Pittsford  marble.  (31) 


Figure  1.24.  comparison  of  field  continuous  velocity  log  with  synthetic 
laboratory  log.  (36) 
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assumed  that  the  fast  wave  was  transmitted  via  a  gross  elastic  structure 
inherited  from  the  parent  limestone,  while  the  speed  of  the  slower,  large 
energy  wave  was  due  to  the  fine  grains  of  the  marble.  If  this  explanation 
is  valid,  the  rock  texture  is  of  ultimate  importance  in  both  velocity  and 
energy  effects. 


field  and  laboratory  Measurements .  The  apparent  discrepancies  between 
field  and  laboratory  measurements  arise  principally  from  differences  in 
environmental  conditions  in  the  field  and  in  the  laboratory  as  well  as 
size  and  shape  of ( specimen.  Some  effects  of  environment  have  been  demon¬ 
strated  by  Wyllie‘+*,  who  measured  the  velocities  in  well  cores  and  com¬ 
pared  them  with  the  velocities  obtained  in  situ  by  a  continuous  velocity 
log.  An  in  situ  environment  was  similated  by  subjecting  the  samples  to 
a  uniaxial  pressure  and  saturating  them  with  brine  which  had  the  same 
velocity  as  the  drill  mud  (Figure  1.24). 


Correlation  of  Physical  Properties. 
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Judd  has  devised  a  statistical  approach  for  correlating  physical 
properties  of  rocks  in  which  geological  considerations  were  minimized  and 
the  analysis  was  based  upon  a  comparison  of  fourteen  physical  proper¬ 
ties  of  rocks:  apparent  specific  gravity,  percent  porosity,  shore  hard¬ 
ness,  abrasive  hardness,  specific  damping  capacity,  moduli  of  rigidity 
and  rupture,  static  and  dynamic  moduli  of  elasticity,  compressive  strength, 
impact  toughness,  longitudinal  velocity  of  sonic  wave  propagation,  tensile 
strength,  and  Poisson's  ratio.  Tensile  strength  was  not  Included  because 
of  a  lack  of  data,  as  well  as  the  results  of  laboratory  triaxial  load 
tests  because  of  a  lack  of  standardization  of  the  test  methods  used,  and 
the  results  did  not  lend  themselves  easily  to  statistical  analysis. 
Poisson's  ratio  data  were  also  omitted  because  values  were  mathematically 
obtained  from  the  other  properties  studied. 

Judd's  studies  were  prompted  by  the  lack  of  usable  quantitative 
values  for  rock  properties  needed  in  the  proper  design  of  foundations 
and  tunnels.  Secondly,  discrepancies  are  usually  found  between  geophysi¬ 
cal  measurement  of  rock  properties  and  those  obtained  by  static  test 
methods.  For  example,  Young's  modulus  measured  by  sonic  wave  propagation 
through  laboratory  specimens  or  by  similar  but  iii  situ  tests  of  rock  is 
not  in  agreement  with  that  obtained  by  static  load  tests  in  the  field  or 
laboratory  (Figure  1.25).  This  presents  a  problem  in  the  design  of  an 
arch  dam  where  Young's  modulus  of  elasticity  for  the  rocks  against  which 
the  dam  abuts  must  be  known,  i.e.,  whether  the  value  obtained  by  geophysi¬ 
cal  methods  is  the  same  Young's  modulus  required  in  dam  design  formulae. 

An  almost  instantaneous  stress  applied  by  an  explosive  generated  wave 
(used  in  geophysical  field  tests)  does  not  cause  the  rock  to  react  simi¬ 
larly  to  the  slowly  applied  static  load  (such  as  the  thrust  of  the  arch 
of  the  dam  on  rock  abutments).  This  conclusion  is  supported  by  results 
(Figure  1.26)  obtained  from  concrete  cylinders  tested  with  varying  static 
load  rates.  The  dependency  of  elastic  parameter  values  upon  the  method 
of  testing  assumes  vital  importance  in  design  of  conventional  civil 
engineering  structures,  and  is  equally  important  in  the  design  of  under¬ 
ground  protective  installations  where  such  parameters  are  involved. 
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Judd  states  that  the  unqualified  acceptance  of  currently  available 
geophysical  data  on  elastic  properties  necessary  in  engineering  design 
is  inadvisable  because  of  the  questionable  validity  of  the  assumptions 
used  to  derive  the  basic  formula  for  geophysical  measurements  of  Young's 
modulus.  Theoretically,  this  is  valid  if  the  transmitting  medium  is 
assumed  to  be  homogeneous,  isotropic,  elastic  and  of  infinite  extent. 
However,  experience  has  shown  that  these  assumptions  generally  are 
invalid  when  applied  to  rock. 

Also,  it  is  questionable  whether  rock  will  act  elastically  at  great 
depths  or  in  areas  of  high  residual  tectonic  stresses.  At  relatively 
shallow  depths,  the  formula  might  be  adapted  to  a  rock  medium  if  a  pre¬ 
sently  unknown  "X"  adjustment  factor  was  introduced.  A  statistical 
study  was  designed  to  determine  whether  such  analysis  of  thousands  of 
sets  of  data  on  physical  properties  of  rocks  could  provide  such  a  factor. 

At  present,  competent  engineering  design  procedures  require  compre¬ 
hensive  and  costly  preliminary  testing  whose  results  leave  enough  doubt 
to  require  the  use  of  large  safety  factors.  Statistical  studies  might  be 
used  to  reduce  the  number  of  tests  now  necessary  to  evaluate  rock  reac¬ 
tions  under  engineering  loads.  Thus,  if  dependable  correlative  factors 
exist,  the  results  of  the  relatively  simple  and  economical  determinations 
of  apparent  specific  gravity,  porosity,  or  compressive  strength  could  be 
used  to  calculate  the  values  of  the  elastic  moduli.  Such  tests  might 
also  be  used  in  computations  to  determine  effects  of  nuclear  weapons  from 
H.E.  tests. 


Judd's  approach  was  by  means  of  linear  regression  on  the  IBM  7090 
with  results  plot  Led  by  the  Johnniac.  The  fourteen  variables  were  compared 
with  each  other  by  pairs  and  then  in  increasing  combinations;  there  was 
no  experience  to  indicate  if  any  one  of  the  variables  could  he  considered 
as  completely  independent  or  dependent  of  the  others. 

The  data  most  nearly  satisfying  the  necessary  criteria  of  homogen¬ 
eity  of  preparation  were  those  of  the  U.S.  Bureau  of  Mines  and  contained 
in  the  following  references:  37,  43,  44,  45  and  40. 


Another  advantage  of  those  data  was  the  detailed  petrographic  des¬ 
criptions  supplied.  Initially,  however,  no  attempt  was  made  to  correlate 
on  the  basis  of  rock  names  because  of  a  lack  of  petrographic  standards  for 
such  descriptions.  If  in  its  further  development  the  statistical  approach 
proves  sufficiently  successful  to  be  used  on  data  from  other  sources,  It 
would  not  he  necessary  to  depend  upon  petrographic  descriptions.  However, 
a  plot  of  rock  descriptions  against  Young's  modulus  values  obtained  by 
static  load  tests  was  inconclusive  as  can  be  seen  on  Figure  1.27.  However, 
in  a  plot  ol  some  results  as  cumulative  percentages,  sufficient  discern- 
able  trends  develop  (Figure  1.28)  to  warrant  further  future  study.  (For 
details  of  computer  programming  see  Judd's  paper). 


The  x-y  plots  or  sea t tergratns  of  pairs  of  data  were  visually  compared 
permitting  a  rough  match  of  as  many  as  4  pairs  of  data  (Figure  1.29)  even 
though  all  ordinates  were  not  of  the  same  magnitude.  Some  of  the  plots, 
indicating  apparently  definite  linear  relationships  were  discarded  because 
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Figure  1.71 .  Relationship  between  rock  type  and  Young's  modulus.  (42) 


1.51 


Judd's  analysis  of  mathematical  dependency  led  to  consideration  of 
two  categories  or  species  (A  and  B)  of  properties.  By  logical  reasoning 
it  would  appear  that  certain  rock  properties  were  related,  whereas  others 
should  be  completely  unrelated.  For  example,  one  specie?  A  might  be  con¬ 
sidered  as  impact  toughness,  scleroaeope  hardness,  rigidity,  rupture,  and 
compressive  strength,  and  all  of  these  appear  to  provide  a  measure  of  the 
inherent  strength  of  a  rock  and  thus  would  depend  upon  the  resistance  of 
the  "fibers"  in  the  rock  to  the  same  methods  of  destruction  when  tested. 
Specific  gravity  and  porosity,  or  longitudinal  wave  velocity  and  specific 
damping  capacity  were  assumed  to  measure  completely  different  rock  charac¬ 
teristics  and  thus  might  be  regarded  as  a  second  species  B.  Thus,  it  does 
not  seem  logical  that  species  A  could  be  linearly  correlated  with  B,  but 
there  might  exist  linear  correlations  within  one  species. 

However,  as  shown  in  Figure  1.30,  some  individual  plots  in  one  cate¬ 
gory  have  a  distribution  somewhat  similar  to  those  in  the  other.  For 
example,  longitudinal  velocity  versus  impact  toughness  yields  a  distri¬ 
bution  similar  to  shore  hardness  plotted  against  modulus  of  rupture  or 
impact  toughness.  Comparable  anomalies  also  appear  in  Figure  1.30k  where 
specific  damping  capacity  distributes  similarly  to  some  of  the  opposite 
specie  values;  and  in  Figure  1.30d  rigidity  and  Young's  modulus  compare 
to  the  dissimilar  characteristic  of  specific  gravity.  The  similarity  in 
distributions  between  dissimilar  rock  characteristics  is  a  hopeful  Indi¬ 
cation  that  correlations  can  be  obtained,  although  apparently  not  neces¬ 
sarily  by  linear  regression  analysis. 

The  computer  was  asked  to  find  which  properties  were  most  related 
and  compressive  strength  was  compared  with  all  of  the  other  properties, 
first  in  all  possible  combinations  of  two,  then  three,  and  finally  eight 
variables.  On  a  purely  linear  basis,  the  best  relationship  was  between 
compressive  strength  and  the  combination  of  impact  toughness,  scleroscopo 
hardness,  and  modulus  of  rigidity  (note  that  all  of  these  are  A  values). 
This  computation  resulted  in  Equation  1.12. 

y  =  0.672  X4  +  0.288  X5  +  2.878  X7  -  4.477  (1.12) 

As  can  be  seen  In  Figure  1.29,  however,  the  deviation  is  too  large 
for  practical  application.  A  least  squares  relationship  has  the  disad¬ 
vantage  that  undesirable  weight  is  given  to  extreme  values.  Thus,  the 
constant  deviation  shown  in  Figure  1.30,  while  acceptable  at  the  middle 
and  upper  ranges,  is  valueless  for  low  values  of  compressive  strength. 

To  avoid  this  in  future  studies,  it  is  possible  to  weight  data  lines  with 
low  values  of  compressive  strength.  These  conclusions  further  indicate 
that  a  more  useful  relationship  may  be  curvilinear. 

The  best  indications  of  linearity  of  results  are  in  the  scatter- 
grams  of  Figure  1.31  which  demonstrates  that  the  dynamic  modulus  of 
elasticity  varies  directly  as  the  static  modulus  of  elasticity  when 
both  are  obtained  by  laboratory  methods.  However,  it  is  recommended 
additional  data  from  other  sources  should  be  tested  for  final  proof  of 
this  correlation. 

On  the  basis  of  his  somewhat  limited  study,  Judd  came  to  the  follow¬ 
ing  general  conclusions: 
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Figure  1.30.  Sketches  of  comparative  scattergrams.  (42) 
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1.  There  appears  to  be  a  direct  linear  relationship  between  modulus 
of  rigidity  and  Young's  modulus,  between  compressive  strength  and  Young's 
modulus,  modulus  of  rigidity  and  modulus  of  rupture,  and  between  the 
laboratory  values  of  the  static  and  dynamic  moduli  of  elasticity. 

2.  There  is  also  a  direct  curvilinear  relationship  between  modulus 
of  rupture  and  impact  toughness  with  scleroscope  hardness  and  longitudinal 
velocity. 


3.  Specific  damping  capacity  possesses  an  inverse  curvilinear 
relationship  with  impact  toughness,  compressive  strength,  modulus  of 
rigidity  and  Young's  modulus. 

4.  A  direct  slightly  curvilinear  relationship  between  specific 
gravity  and  modulus  of  rigidity  and  Young's  modulus,  and  between  modulus 
of  rigidity  and  longitudinal  velocity  is  indicated. 

5.  Other  comparisons  indicate  possible  trends  but  additional  data 
will  be  required  for  more  complete  definition. 

Finally,  Judd  concludes  that  there  is  increasingly  overwhelming 
statistical  evidence  that  prediction  of  rock  properties  cannot  be  based 
entirely  on  existing  and  conventional  theories  of  elasticity.  Further, 
statistical  methods  show  definite  promise  of  ultimately  providing  engin¬ 
eers  and  geologists  with  equations  to  predict  rock  properties  within  a 
relatively  narrow  and,  thus,  useful  range. 
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CHAPTER  II 


STRUCTURAL  ENGINEERING  GEOLOGY 


Introduction 


The  extreme  variability  of  the  physical  character  of  the  earth 
materials  In  which  it  is  necessary  to  construct  protective  installa¬ 
tions  is  the  source  of  many  of  the  major  problems  in  their  design.  The 
soils  in  the  mantle  of  the  earth  vary  in  their  physical  character  as  do 
the  underlying  rocks.  Soil  characteristics  and  soil  mechanics  will  be 
dealt  with  only  briefly  in  this  study,  however,  insofar  as  their  properties 
affect  the  response  of  underlying  rock  masses  to  static  and  impact  loads 
to  which  both  are  subjected.  The  features  of  rocks  of  importance  in  the 
design  of  underground  openings  are  those  which  are  usually  dealt  with  in 
studies  of  physical  properties  of  rock  (Chapter  I)  and  in  engineering 
structural  geology  with  which  this  chapter  is  concerned. 

In  the  construction  of  a  building  an  engineer  may  choose  the  mater¬ 
ials  which  will  compose  the  final  structure.  On  the  other  extreme  a  min¬ 
ing  engineer  has  very  little  choice  in  the  location  of  mine  openings  and 
the  materials  in  which  he  must  construct  them.  The  ore  must  be  excavated 
from  the  position  where  natural  processes  have  placed  it,  The  choice  of 
a  site  and  consequent  earth  material  environment  for  an  underground  pro¬ 
tective  installation  is  not  so  restricted  as  a  mining  project,  but  regard¬ 
less  of  the  choice  of  site  a  wide  variety  of  conditions  may  be  encountered. 
In  addition  to  the  physical  properties  of  solid  rock,  it  is  necessary  to 
evaluate  the  overall  rock  mass  as  structural  material  to  minimize  the 
problems  of  engineering  design. 


Geological  Engineering  Structure's 


Structural  elements  of  importance  in  the  stability  of  jut  situ  rock 
structures  are  folds,  fractures,  faults,  bedding  planes,  joints,  sheeting, 
secondary  foliation  and  lineation,  unconformities,  contacts,  igneous 
intrusions,  dikes,  sills,  and  surface  flows.  Superimposed  on  these  are 
the  effects  ol  chemical  alteration  which  may  In:  a  result  of  weathering, 
subsurface  water  flow,  hot  solutions,  heat  or  deformation,  a  combination 
of  these  agents;  or  healing  and  strengthening  (by  sil icif ical Ion  for 
example) , 

Folds1 


Folds  are  wav, --like  stiuclures  in  rock  and  are  best  exhibited  in 
stratified  formations,  such  as  sedimentary  or  volcanic  rocks,  their 
met  amorphic  equivalents,  or  any  layered  rock,  such  us  banded  gabbro. 
They  vary  from  inches  to  miles  in  lateral,  longitudinal,  and  vertical 
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dimensions.  Folds  which  are  convex  downward  are  termed  synclines,  upward 
are  anticlines;  they  may  be  inclines,  overturned,  be  in  multiple  or  single 
form  and  also  may  develop  into  overthrusts  or  other  complex  structures. 
Various  types  of  folds  are  illustrated  in  Figures  2.1  to  2.2.  It  has  been 
observed  that  most  folding  is  disharmonie.  i.e.,  that  the  form  of  the  fold 
is  not  uniform  throughout  the  stratigraphic  column  in  which  it  occurs. 

Folds  are  not  always  readily  recognizable  from  surface  evidence. 

Their  occurrence,  dimensions,  and  other  features  can  be  determined  in  many 
cases  only  after  careful  geologic  mapping  both  of  surface  outcrops  and 
underground  structure  exposed  by  drilling  or  excavation.  In  complex  or 
eroded  folds  the  sequence  of  beds  is  fixed  by  study  of  paleontology,  rip¬ 
ple  marks,  drag  folds  or  other  geologic  occurrences. 

Four  principle  types  of  folding  are  recognized  by  geologists*': 

(l)  flexure  folding,  (2)  flow  folding,  (3)  shear  folding,  and  (4)  folding 
due  to  vertical  movements. 

Flexure  folding  may  hypothetically  be  caused  by  either  lateral  com¬ 
pressive  forces  or  couples  (Figure  2.3).  When  several  beds  are  folded 
they  may  slip  past  otic  another  and  the  beds  change  shape  by  plastic  defor¬ 
mation.  The  relative  competence  of  the  beds  determines  the  amount  of  flow- 
age  and  fracture.  Competent  beds  transmit  forces  over  long  distances  and 
dominate  the  movement  of  less  competent  associated  beds.  Fractures  may 
heal,  depending  on  the  type  of  rock. 

Flow  folding  is  believed  to  exist  when  competent  beds  are  absent  and 
all  rocks  arc  plastic  because  of  their  physical  properties,  high  temper¬ 
atures  or  high  confining  pressures.  Individual  strata  may  not  transmit 
forces  over  great  distances,  and  minor  folds  may  lie  more  abundant. 

Shear  folding  or  slip  folding  is  described  as  that  resulting  from 
minute  displacements  along  closely  spaced  fractures.  This  is  illustrated 
in  Figures  2.4  and  2.5.  The  small  fractures  accompanying  this  process 
may  be  eliminated  later  by  recrystallization. 


Folds  due  to  vertical  movement  of  underlying  material  may  be  created 
and  this  type  of  folding  is  classed  as  one  type  of  flexure  folding. 

Folds  arc  believed  to  bo  caused  by:  (1)  horizontal  compression, 

(2)  horizontal  couples,  or  (3)  convection  currents  under  the  earth's 
crust;  some  are  dome  shaped  due  to  (4)  intrusion  of  igneous  rock,  (5) 
intrusion  of  rock  salt,  (&)  differential  compaction  or  (7)  changes  in 
chemical  composition.  Thus,  if  the  forces  which  caused  the  formation  of 
a  fold  were  not  relieved,  residual  stresses  of  considerable  magnitude 
from  tills  source  could  lie  expected  in  constituent  rocks. 

Folding,  with  its  accompanying  processes,  would  almost  invariably 
create  problems  in  the  design  of  underground  installations  because  it 
involves  weakening  of  rock  structures  through  the  processes  enumerated 
above,  and  may  cause  anomalous  stress  conditions  to  exist.  Examples  in 
underground  openings  are  treated  in  Chapter  III. 


Figure  2.2.  Types  of  synclines 


Figure  2.-+.  Shear  folding  before  and  during  displacement  al 
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All  types  of  rock  failure  may  be  expected  to  be  found  in  folds  (Fig¬ 
ure  2.6),  Tension  and  shear  stresses  may  be  the  dominant  cause  of  failure, 
although  crushing  of  porous  rocks  by  compression  may  also  be  present.  Such 
failure  is  expressed  in  rocks  of  the  earth's  crust  by  joints,  faults,  frac¬ 
tures,  and  some  types  of  cleavage.  Many  fractures  may  subsequently  be 
healed  by  physiochemical  processes,  or  may  be  filled  by  veins  or  dikes. 


Joints 


Joints  are  defined  as  surfaces  that  divide  rocks,  along  which  there 
has  been  no  visible  movement  parallel  to  the  surface.  Their  strike  and 
dip  may  be  measured  in  the  same  manner  as  on  faults.  They  vary  in  size 
from  inches  to  hundreds  of  feet  along  both  strike  and  dip.  They  never 
occur  singly,  and  may  be  spaced  only  inches  apart  in  which  case  they  are 
called  fracture  cleavage.  Joints  may  be  classified  either  geometrically 
or  genetically.  Both  classifications  are  useful  in  evaluating  certain 
of  the  structural  characteristics  of  rock  segments  or  masses. 

Strike  joints  are  those  parallel  to  the  strike  of  bedding,  schlstos- 
lty,  etc.,  dip  joints  are  parallel  to  the  dip  while  oblique  joints  lie 
between  the  other  two  (Sec  Figure  2.7).  in  many  rocks  a  large  portion 
of  the  joints  are  parallel.  Thus,  a  joint  s_<H  consists  of  a  group  of 
more  or  less  parallel  joints,  while  a  joint  system  consists  of  two  or 
more  joint  sets  with  a  characteristic  pattern.  Sets  of  Joints  which  are 
perpendicular  are  referred  to  as  a  conjugate  join'  system.  One  method  of 
portraying  the  intensity  and  attitude  of  joints  is  given  in  Figures  2.8 
and  2.9.  Strikes  and  dips  for  a  given  area  are  plotted  in  two  semicircles, 
the  intensity  scaled  along  the  radius  for  the  given  direction. 

Another  more  precise  method  is  to  plot  the  poles  of  perpendiculars 
to  the  Joints.  All  joints  for  a  given  area  are  assumed  to  be  at  tbe  cen¬ 
ter  of  a  hemisphere,  the  points  where  the  perpendiculars  Intersect  the 
surface  of  one  half  of  the  sphere  are  plotted.  The  equal  a ren  method, 
Figure  2,10  consists  uf  plotting  a  line  from  the  center  of  a  circle  normal 
to  the  strike  of  tlie  joint  with  the  dip  scaled  along  the  radius  from  the 
center  where  one  degree  of  dip  equals  l/90th  of  tile  radius,  From  this 
point  diagram  a  contour  sketch  may  be  prepared  to  show  the  concentration 
of  points.  Most  methods  such  as  the  above  do  not  show  the  actual  area 
or  volumetric  distribution  of  Joints,  their  size  n  curvature. 

Genetically,  joints  are  classed  as  shear  joints  or  tension  joints. 
Often  if  the  type  of  joint  can  be  recognized  tt  is  possible  to  define 
the  force  which  caused  its  formation.  They  are  caused  by  tension,  shear, 
shrinkage  in  volume  and  other  processes  of  similar  nature.  They  may 
occur  in  all  types  of  rocks,  but  their  best  development  occurs  when  a 
rock  lias  a  relatively  homogeneous  structure.  Thus,  even-grained  rocks 
such  as  granite,  syenite,  basalt,  limestone,  shale  and  slate  may  be  well 
jointed.  Joints  of  various  types  may  also  occur  in  cooling  magmas,  and 
are  very  common  in  such  masses  as  granite  intrusions  (Figure  2.11).  As 
in  the  case  of  faults  and  other  types  of  fractures,  joints  may  serve  as 
channels  for  mineralizing  solutions.  Where  they  occur  in  the  wall  rocks 
of  mineral  deposits  they  also  furnish  means  of  a:c.ss  for  solutions  for 
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Figure  2.8.  Joint  map  of  a  hypothetical  area.  Attitude 
of  individual  joints  shown  by  dip-strike  symbols^. 


Figure  2.9.  Joint  diagrams  of  area  shown  in  Figure*  2.8  . 


Figure  2.11.  Typical  joint  patterns.  A  -  Rough  and  irregular 
minimum  caving.  B  -  Smooth  surface,  maximum  caving.  C  •  Smooth 
and  rough,  considerable  caving. 
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either  replacement  or  alteration.  Unless  the  alteration  is  of  such  a 
nature  as  to  heal  the  rock  (e.g.,  sil icification)  it  may  weaken  it  and 
cause  problems  of  support  in  excavating  operations. 


Bedding  Planes 

The  partings  or  planes  which  mark  the  boundaries  between  the 
various  strata  in  sedimentary  rocks  may  or  may  not  represent  effective 
planes  of  weakness.  In  certain  coal  mines  the  planes  between  the  roof 
shale  and  the  overlying  rock,  or  bedding  planes  in  the  shale  itself 
are  largely  responsible  for  "falls  of  roof"  in  coal  mines.  This  is 
the  cause  of  many  of  the  fatalities  which  occur  in  bituminous  coal  mines 

Genetically,  these  planes  represent  interruptions  or  changes  in 
the  processes  which  were  responsible  for  deposition  of  the  rocks  in 
their  original  position.  The  character  of  these  Interruptions  deter¬ 
mined  in  general  whether  the  rocks  on  either  side  of  the  plane  were  to 
adhere  closely  to  each  other,  or  whether  a  parting  between  the  strata 
resulted.  In  the  latter  case,  a  structural  discontinuity  was  produced 
and  a  structural  weakness  incurred  which  could  make  a  particular  bed  a- 
weak  member  in  a  rock  structure. 

Sheeting,  a  form  of  fracture  similar  to  jointing,  is  found  in 
granites  and  other  types  of  rock.  It  may  be  due  to  cooling,  release  of 
load  by  erosion,  or  combination  of  release  of  vertical  load  and  force 
of  residual  lateral  pressure. 

Joints,  of  course,  constitute  fractures  in  rock  and  as  such  repre¬ 
sent  sources  of  rock  weakness.  Rocks  with  a  high  density  of  joints  or 
joint  configurations  which  tend  to  weaken  rock  structure  should  bo 
avoided.  Spacing  of  joints  would  appear  to  lie  one  of  the  more  critical 
factors  in  evaluating  their  effects. 


Fan 3  to 


Faults  arc  rock  fractures  along  which  the  opposite  walls  have 
moved  relative  to  each  other.  Strike  and  dip  are  measured  in  the  same 
manner  as  for  bedding  or  joints.  The  block  above  the  plane  of  the  fault 
is  the  hanging  wa  1 1  and  the  block  below  the  footw.il  1. .  Faults  may  con¬ 
sist  of  a  single  fracture  plane  or  a  fault  zone  may  be  hundreds  of  feet 
wide.  Distributive  fault ing  is  indicated  where  differential  movement  is 
in  the  form  of  small  displacements  along  closely  spaced  fractures.  Whcr 
a  fault  intersects  the  surface  of  the  earth,  the  intersection  is  known 
as  a  fault  trace  or  a  faul L  outcrop .  These  may  be  straight ,  but  are 
most  often  sinuous  and  may  show  high  topographic  relict  which  is  impor¬ 
tant  in  various  aspects  of  surface  geologic  mapping.  Tile  movement  along 
faults  may  be  translatory  or  rotational,  Lbe  movement  being  relative 
with  no  evidence  along  the  fault  as  to  which  block  moved. 

In  underground  structures  such  as  mines,  tunnels,  and  protective 
installations  the  relative  position  of  rock  masses  displaced  by  faults 
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may  become  critical,  In  mining  operations  the  position  of  beds  favor¬ 
able  for  deposition  of  valuable  minerals  is  of  vital  importance  as  well 
as  choice  of  competent  rock  for  permanent  openings  such  as  haulage  ways. 
Stable  opening  design  for  protection  against  attack  by  nuclear  weapons 
involves  many  of  the  same  basic  principles  of  selection  of  position  in 
the  stratigraphic  column  and  geologic  structure  as  does  the  selection  of 
locations  for  stable  mine  openings,  although  in  the  majority  of  cases 
only  static  forces  are.  involved  in  stability  of  mine  openings. 

Faults  may  be  recognized  by:  (1)  discontinuity  of  geologic  struc¬ 
tures,  (2)  repetition  or  omission  of  strata,  (3)  physical  features  char¬ 
acteristic  of  fault  planes,  (4)  silicification  and  mineralization,  (5) 
sudden  changes  in  sedimentary  facies,  and  (6)  physiographic  features. 

Only  part  of  the  above  factors  are  of  primary  importance  in  studies 
of  rock  mass  stability.  The  discontinuity  of  structures  at  a  fault  plane 
contributes,  in  the  great  majority  of  mine  and  tunnel  openings,  to  greater 
instability.  This  is  true  not  only  becuase  of  the  presence  of  the  fault 
fracture  itself,  but  because  of  secondary  fractures  and  brecciation  which 
accompany  many  types  of  faulting.  (Breccia  is  the  mass  of  subangular 
fragments  of  crushed  rock  along  the  fault  plane.) 

Silicification  and  mineralization  may  tend  to  heal  the  fractures 
in  a  fault  zone  or  may  further  weaken  the  rock  structure,  Silicification, 
in  addition  to  furnishing  evidence  of  the  presence  of  faults,  usually 
results  In  strengthening  of  the  fractured  rocks  in  a  fault  zone. 

Where  a  downthrow  block  near  a  fault  is  not  completely  covered  by 
alluvium  the  topographic  features  may  indicate  the.  presence  of  a  fault. 
(Sec.  Figures  2.12,  2.13  and  2.14).  Such  fault  scarps  owe  their  relief 
to  the  movement  along  the  fault.  Various  types  of  fault  structures  arc 
similarly  indicated  by  surface  relief,  which  plays  an  important  part  in 
predicting  subsurface  geology  by  means  of  topographic  maps  and  aerial 
photographs . 

Thrust  faults  are  usually  indicated  where  older  rocks  are  found 
above  younger  ones  in  l lie  stratigraphic  column.  The  mechanics  of  thrust 
faulting  may  be  worked  out  on  an  idealized  basis,  as  well  as  the  mechanics 
ot  gravity  and  shear  or  Lear  faulting. 

The  result  of  faulting  is  to  relieve  stress  and  to  make  the  condi¬ 
tions  within  the  rook  approach  what  has  been  called  the  standard  state, 
i « e  * ,  where  the  three  mutually  perpendicular  pressures  at  a  point  are 
equal.  From  the  above,  Anderson  reasons  that  the  fault  traces  of  tear 
faults  and  thrust  faults  should  be  straight  while  those  of  normal  faults 
might  be.  sinuous.  This  was  borne  out  in  observations  on  a  number  oT 
faults  in  the  British  Isles. 

Faults  constitute  one  of  tin  most  significant  types  of  tectonic 
geologic  structures.  They  may  (L)  act  as  channels  for  water,  (2)  serve 
as  hosts  Lor  deposition  of  valuable  minerals,  (3)  act  as  a  control  for 
deposition  elsewhere  by  damming  mineralizing  solutions  and  diverting 
them  to  favorable  beds  for  replacement,  (4)  may  serve  as  lot i  for  stress 


Figure1  2.14.  A-  Fault -line  without  scarp,  formations  resistant 
to  erosion.  B-  Faul t  scarp  down  throw  formations  easiLy  eroded 
C-  Scarp  clue  to  greater  resistance  of  down  throw  block*-. 
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relief  or  stress  concentration,  and  (5)  may  create  diverse  mining  prob¬ 
lems  in  the  prospecting,  exploration,  development,  and  exploitation  stages 
of  mining.  Likewise,  their  effects  are  of  primary  significance  in  rela¬ 
tion  to  stability  of  rock  structures  around  protective  underground  instal¬ 
lations  . 

Faults  have  been  defined  above  as  ruptures  in  the  earth's  crust 
along  which  the  opposite  walls  have  moved  past  each  other  parallel  to 
the  interfaces  of  the  fracture.  Although  many  faults  are  relatively 
clean  breaks  between  rock  blocks,  in  other  cases  the  movement  has  resulted 
in  the  creation  of  a  faul t  zone  (Figures  2.15  and  2.1b).  This  consists 
of  a  number  of  interweaving  small  faults  or  fractures  or  a  brecciated 
zone.  In  many  cases  the  fracturing  which  accompanies  fault  movement  is 
transmitted  to  a  large  extent  to  the  surrounding  rock,  usually  diminish¬ 
ing  in  intensity  and  size  with  distance  from  the  main  fault  zone.  This 
type  of  fracturing  plus  that  due  to  slumping  of  leached  and  mineralized 
rock  masses  have  a  marked  effect  in  support  problems. 

Post-Mineral  Movement.  The  movement  along  a  fault  may  pulverize 
some  of  the  rock  into  a  fine-grained  gouge,  which  often  looks  and  feels 
Like  clay.  Post-mineral  movement  along  a  mine r.i i i zed  zone  forms  a  gouge 
containing  pulverized  minerals  from  the  vein  itself,  flic  "planes"  thus 
formed  constitute  structural  weaknesses  in  the  rock,  which  in  turn  result 
In  a  condition  of  instability  when  openings  are  made  in  or  near  them. 

In  general,  it  appears  that  post-mineral  faulting  more  seriously  affects 
the  choice  of  correct  mining  methods  than  pre-mineral  faulting  when  the 
choice  of  a  mining  method  depends  primarily  upon  l he  support  problems 
involved.  Post-mineral  faulting  usually  decreases  the  strength  of  both 
the  ore  body  and  the.  wall  rock.  (See  Chapter  ii!-) 

As  pointed  out  above  mineralizing  solutions  may  heal  the  fractures 
along  a  pre-mineral  fault  and  strengthen  the  structure  to  such  an  extent 
that  no  support  is  required  during  mining.  On  the  other  hand,  pre-mineral 
faults  and  their  incident  fractures  may  provide  «  s  ..'ape  channels  for  solu¬ 
tions  which  have  deposited  their  valuable  minerals,  and  these  solutions 
may  alter  the  wall  rock  to  such  an  extent  that  it  he comes  weak.  Once  a 
plane  of  weakness  has  been  established  by  a  fault  m  a  Iraoture.  the  ori¬ 
ginal  zone  of  attrition  may  also  serve  as  a  p lam  >>|  relict  for  subsequent 
stresses.  Even  when  a  fissure  has  been  completely  healed  by  mineral Lzation, 
the  resulting  vein,  If  incompetent,  is  less  resistant  to  fracture  than 
the  stronger  enclosing  rock.  Post-mineral  movement  along  well  developed 
fault  zones  may  be  expected  as  a  common  or.  tin i nee  if  the  vein  is  composed 
of  friable  materials  or  filled  with  unmfnet-ii  ized  gouge , 

Photoelastic  studies  and  mathematical  analysis  can  provide  some 
solutions  to  stress  problems  in  homogeneous  materials,  and  much  work  has 
been  done  along  with  these  and  other  methods  to  explain  rock  failure  and 
phenomena  such  as  rock  bursts.  More  critical, y  important  than  studies 
of  stress  distribution  around  openings  in  ideal  materials  are  those  inves¬ 
tigations  which  will  take  into  account  the  presence  ot  the  discontinuities 
and  irregular iti.es  which  must  be  ignored  in  usual  methods  of  analysis, 
but  which  are  of  vital  importance  in  a  dependable  solution  of  the  problem. 

A  study  of  geologic  structures  and  their  effect  upon  rock  pressures  and 


Figure  2.11).  Typos  of  faults.  A  -  Clean  sharp  break,  no  altera¬ 
tion  of  wall  rooks.  B  -  Sharply  defined,  no  subsidiary  fractures 
pervasive  alteration.  C  -  Sharply  defined,  with  subsidiary  frac¬ 
tures,  localized  alteration.  I)  -  Braided,  with  subsidiary  frac¬ 
tures,  general  alteration.  K  -  Open,  porous,  filled  with  breccia 
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stress  distribution  in  a  majority  of  cases  may  be  virtually  the  whole 
problem. 


Secondary  Foliation  and  Llneatlon 


The  ability  of  certain  rocks  to  fracture  along  parallel  surfaces 
is  termed  foliation,  resulting  in  foliate  structure.  It  may  be  primary 
features  resulting  from  formation  processes.  For  example,  many  fine¬ 
grained  sedimentary  rocks  tend  to  break  parallel  to  bedding  planes  pro¬ 
ducing  bedding  f isstl ity .  This  may  be  due  to  differences  in  grain  size, 
composition  of  layers  or  platy  grains  oriented  parallel  to  the  stratifi¬ 
cation.  Also,  certain  igneous  rocks  of  both  intrusive  and  extrusive 
origin,  possess  primary  foliation. 

Rock  cleavage  is  the  term,  distinguished  from  mineral  cleavage, 
applied  to  the  capability  of  rocks  to  break  along  parallel  surfaces  of 
secondary  origin,  either  parallel  or  inclined  to  the  bedding.  (Figure 
2.17).  Schlstoslty  is  a  form  of  rock  cleavage  formed  in  recrystallized 
rocks  such  as  schist  or  gneiss.  Foliation  may  be  classified  as  follows: 

Tabic  2.1 

Classification  of  Types  of  Foliation^ 


A.  Primary 

1.  Sedimentary  rocks  -  bedding  fissility 

2.  Plutonic  rocks  -  primary  foliation 

3.  Extrusive  rocks  -  flow  structure 

B.  Secondary:  in  both  sedimentary  and  igneous  rocks 

1.  Flow  cleavage  (also  called  slaty  cleavage) 

2.  Fracture  cleavage  (essentially  closely  spaced  joints) 

3.  Shear  cleavage  (slip  cleavage) 

A,  Bedding  cleavage  -  (cleavage  parallel  to  bedding  of 
metamorphic  rocks) 


Lineal ion  (Figure  2.18)  is  the  parallelism  of  some  directional  prop¬ 
erty  of  rock,  such  as  the  orientation  of  crystals,  elongated  pebbles, 
parallel  crests  of  corrugations  of  similar  small  scale  occurrences.  Lin¬ 
ear  Ion  usually  lies  in  the  plane  of  foliation  and  geologic  map  symbols 
for  the  two  are  usually  combined.  Both  cleavage  and  lineation  may  be 
related  to  the  major  structure  in  which  they  occur.  Flow  fracture  and 
shear  cleavage  are  often  associated  with  folds  in  alternating  competent 
and  incompetent  beds. 


Uncon  fortniti  e  s 


Unconformities  are  surfaces  of  erosion  or  non-deposition  which 
separate  younger  rocks  from  older  ones.  They  are  formed  by;  (L)  the 


Figure  2.17.  Cleavage  banding  and  segregation  banding. 


Figure  2,18.  I.iiu  ai  ion.  A-  Elongated  pebbles.  B-  Elongated 
crystals  of  hornblende.  C-  Lineation  caused  by  circular  plates 
of  mica.  D-  Cleavage  Represented  by  top  of  block  and  planes 
shown  by  dotted  lines. 
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deposition  of  older  rocks,  (2)  uplift,  erosion  and  movement,  and  (3)  depo’ 
sition  of  younger  strata.  They  may  be  parallel  (disconformities)  or 
angular.  (Figures  2.19  and  2.20) .  They  constitute  important  structural 
surfaces  of  weakness  and  in  many  cases  are  confused  with  faults  in  aerial 
and  other  types  of  mapping  of  geologic  structures. 


Lava  Flows 


Extrusive  igneous  flows  result  in  the  formation  of  tabular  igneous 
bodies  which  are  thin  relative  to  their  horizontal  extent.  Their  struc¬ 
ture  is  quite  variable,  Tumul i  are  low,  small  dome-like  hills;  pressure 
ridges  are  long  sharp  ridges  a  few  feet  to  several  hundred  feet  in  length; 
and  squeeze -ups  are  small  extrusions  through  the  crust  of  the  lava  itself. 
Lava  tunnels  are  long  caverns  beneath  the  surface  of  a  lava  flow.  Flows 
are  distinguished  from  sills  in  that  the  latter  have  smooth,  fine-grained 
tops . 


Pyroclastic  rocks,  also  of  volcanic  origin,  are  those  broken  up  into 
fragments  into  dust,  ash,  cinders,  blocks,  etc.  These  may  be  cemented  to 
form  tuff,  tuff -breccia,  volcanic  conglomerates  and  agglomerates. 


Rock  Types 


In  most  mining  and  excavation  problems,  Lhc  sequence  of  geological 
formations  in  the  district  is  one  of  the  iirst  things  which  must  be  learned, 
together  with  the  types  of  rock  which  form  the  column.  In  general,  the 
earth's  mantle  is  composed  of  three  types  o£  rock  (See  Chapter  I)  which 
have  been  classified  geologically  as:  (1)  sedimentary,  (2)  igneous,  and 
(3)  metamorphic.  For  the  outer  ten  miles  of  the  earth's  crust,  it  has 
been  estimated  that  the  composition  is  as  follows^:  igneous  rocks,  95.0 
percent;  shales,  d.O  percent;  sandstone  0.75  percent;  and  limestones, 

0.25  percent.  Although  there  are  over  1.000  different  known  minerals, 

99  percent  of  the  igneous  rocks  is  made  up  of  about  12  rock-forming  min¬ 
erals  . 


Economically  valuable  mineral  deposits  are  found  closely  associated 
with  all  three  types,  both  with  respect  to  origin  and  deposition.  Many 
important  metallic  mineral  deposits  are  found  in  connection  with  igneous 
rocks.  Consequently,  for  a  mining  engineer  to  obtain  an  understanding 
of  the  factors  which  influence  the  efficient  mining  of  these  deposits,  it 
is  necessary  for  him  to  possess  an  understanding  of  the  geologic  processes 
which  may  have  resulted  in  their  formation.  In  addition,  geologic  pro¬ 
cesses  which  may  have  altered  the  physical  or  chemical  character  of  the 
deposit  or  enclosing  rocks  subsequent  to  mineralization  may  also  have  a 
marked  effect  upon  mining  planning  and  layout.  Inasmuch  as  the  original 
structure  and  composition  of  a  rock  mass  may  govern  its  structure  after 
it  has  been  altered  or  deformed,  it  is  expedient  to  appraise  certain  of 
the  genetic  features  of  the  three  types  of  rock. 

Sedimentary  Rocks.  The  arrangement  of  sedimentary  rocks  in  layers 
or  strata  is  one  of  their  most  characteristic  features.  The  strata,  which 
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Figure  2.19. 


Various  types  of  unconformities. 
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are  separated  by  bedding  planes,  can  usually  be  distinguished  one  from 
another  by  differences  in  composition,  texture,  hardness,  cohesion, 
strength,  color,  and  other  physical  and  chemical  properties.  A  bed  or 
stratum  is  usually  considered  to  be  a  layer  which  is  composed  through¬ 
out  of  similar  material.  Sedimentary  rocks  can  often  be  split  easily 
along  the  bedding  planes,  and  in  some  types  of  shales,  the  orientation 
of  minerals  may  produce  a  definite  cleavage.  Although  bedding  is  a 
geologic  feature  peculiar  to  sedimentary  rocks,  it  must  be  kept  in  mind 
that  all  sedimentary  rocks  do  not  exhibit,  this  feature.  Also,  some 
extrusive  igneous  rocks  frequently  evidence  layers  which  are  crudely 
similar,  but  which  were  formed  parallel  to  the  surface  of  successive 
flows.  The  original  attitude  of  stratification  planes  is  usually  hor¬ 
izontal,  but  cross  bedding,  nonconformities  and  disconformities  are 
common  features  in  variance  to  the  generality. 

All  of  these  features  play  an  important  part  in  the  formation  of 
mineral  deposits  where  sedimentary  rocks  are  the  host  rock  for  mineral¬ 
izing  solutions.  The  relationship  between  beds  in  the  strati  graphical 
column,  the  presence  of  bedding  planes,  joints  or  cleavage,  and  the  com¬ 
position  of  individual  layers  have  an  ultimate  effect  upon  problems 
involved  in  mining  deposits  found  in  this  type  of  rock.  Their  physical 
characteristics  and  the  manner  in  which  they  deform  under  stress  also 
have  an  important  bearing  upon  their  structural  stability. 

Igneous  Rocks.  When  a  liquid  magma  roaches  a  position  in  or  on 
the  earth's  crust  where  temperatures  and  pressures  are  low  enough,  the 
molten  material  will  solidify.  Those  magmas  which  solidify  after  enter¬ 
ing  rocks  in  the  earth's  surface  are  called  intrusions,  and  those  which 
break  through  the  earth's  crust  to  the  surface  are  termed  flows  or  extru¬ 
sions.  The  texture  or  grain  size  of  an  igneous  rock  is  governed  largely 
by  the  rate  of  cooling.  If  a  melt  cools  slowly,  large  crystals  may  bo 
formed,  but  when  it  is  cooled  rapidly  a  glassy  or  fine-grained  material 
is  formed.  Contacts  between  igneous  and  other  types  of  rocks  may  be 
sharp  or  gradational.  Pegmatite  dikes  or  sills,  which  are  formed  by  a 
melt  fLowi.ng  and  solidifying  along  a  fracture  of  bedding  plane,  are  impor 
tant  because  of  their  association  with  valuable  minerals.  (Figures  2.21 
and  2.22).  Mineral  deposits  formed  by  magmatic  segregation  also  are 
important  in  their  relation  to  the  formation  of  igneous  rocks  and  valuabl 
mineral  deposits. 

Igneous  rocks  may  exhibit  a  flow  structure  (Figure  2.23)  due  lo  a 
difference  in  viscosity  of  the  magma  from  point  to  point,  which  creates 
either  a  laminar  or  a  platy  flow  structure.  Fault  and  joints  can  occur 
in  igneous  rocks  only  when  they  have  cooled  and  attained  a  solid  state. 

It  may  be  that  many  of  the  joints  and  minor  faults  in  large  granite 
masses  occur  during  tile  later  stages  in  the  intrusion,  owing  to  the  per¬ 
sistence  of  forces  which  cause  the  magma  to  rise  in  the  earth's  crust. 
Large  intrusions  may  also  be  fractured  and  then  intruded  by  subsidiary 
magmas,  adding  to  the  complexity  of  the  structure.  in  addition  to  the 
occurrence  of  primary  structures  other  phenomena  are  often  observed  such 
as  the  contact  metamorph ic  effects  imposed  upon  contiguous  rocks. 

For  structural  purposes,  three  major  realms  or  zones  of  igneous 
activity  are  recognized  bv  Hills*; 
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1.  Ultra-plutonic  intrusions  in  the  lowest  levels  of  the  earth's 
crust  which  are  characterized  by  dominance  of  structure  due  to  flow,  both 
in  the  intrusions  and  their  wall  rocks,  fracture  phenomena  being  almost 
entirely  absent.  The  injection  of  magmatic  material  occurs  along  zones 
of  weakness,  or  by  assimilation,  and  replacement  or  even  actual  melting 
of  the  country  rock  is  widespread. 

2.  An  intermediate  zone  where  the  effects  of  flow  together  with 
those  of  fracture  are  exhibited  by  both  the  intrusion  and  its  wall  rock. 

3.  The  tectonic  features  of  intrusions  in  the  superficial  crust 
zone  show  that  fracture  predominates  over  plastic  or  viscous  flow  in  the 
walls  of  the  intrusions.  Roof  rocks  are  dislocated  by  the  rising  magma 
and  contacts  are  blocky. 

Butler^  also  recognizes  three  zones  of  deformation  of  rocks  where 
rock  structure  is  related  to  mineralization  and  consequently  to  struc¬ 
tural  stability.  These  arc  characterized  by  (1)  brocciation  at  shallow 
depths,  (2)  brecciation  and  shear  in  an  intermediate  zone,  and  (3)  shear 
only  at  great  depths.  Failure  by  shear  is  postulated  also  as  evidence 
of  failure  under  heavy  load  and  at  shallow  depth.  Lt  might  also  be  noted 
that  a  large  percentage  of  igneous  rocks  found  in  the  crustaL  zone  con¬ 
tains  from  45  to  80  percent  total  silica  and  these  rocks  range  from  gabbros 
and  basalts  to  quartz  diorite  (Figure  2.24).  The  percentage  of  quartz 
has  a  marked  effect  upon  such  physical  properties  as  strength,  creep,  com¬ 
pressibility,  and  such  processes  as  re-cementing  of  rock  fractures  by 
silicif ication  which  materially  affect  the  strength  of.  rock  masses. 

Primary  structures  of  igneous  rocks-*  are  those  which  develop  during 
their  formation.  Most  igneous  rocks  possess  flow  structure  of  either  a 
linear  of  platy  character,  although  some  are  massive,  compact,  and  vir¬ 
tually  "structureless"  after  their  Initial  consolidation.  Crystalline 
flow  structure  is  believed  to  be  due  to  suspension  of  crystals  In  a  partly 
solidified  magma  and  orientation  by  subsequent  flow.  Flaty  structure  may 
be  formed  by  alignment  of  phenocrysts,  local  irregularities  in  composition, 
parallelism  of  xenoliths  or  by  segregation  of  minerals.  Biotite  grains 
are  particularly  conducive  to  platy  structure'. 

The  term  rift,  is  the  ability  of  granitic  rocks  to  split  In  a  direction 
other  than  that  of  the  "bedding",  i.e.,  the  latter  being  parallel  to  the 
earth's  surface.  Massive  gabbro,  diabase,  nirite,  ami  similar  rocks  do 
not  seem  to  possess  this  characteristic.  In  granite  quarries  it  lias  been 
found  that  blocks  are  cut  by  three  sets  of  planes:  flat  lying  planes,  rift, 
and  the  "hardway".  The  latter  two  are  vertical  and  normal  to  each  other. 

There  are  several  types  of  platy  parallelism  found  in  igneous  rocks. 

(1)  In  uniform  granular  rocks  the  crystals  may  he  elongated  and  the  plane 
of  such  structure  is  observable.  In  quarries  it  lias  been  found  that  "rift" 
planes  follow  parallel  microscopic  cracks  and  bubbles.  (2)  Phenocrysts 
may  be  arranged  with  th-’ir  largest  crystal  faces  in  parallel  planes.  (3) 
Where  these  are  numerous  they  form  layers  which  are  parallel  to  the  phen¬ 
ocrysts.  (4)  Segregations  and  xenoliths  may  also  form  layers  by  accumu¬ 
lation.  Flow  layers  are  also  termed  with  the  length.,  thickness,  and  gen- 
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eral  features  varying  greatly.  In  most  of  the  cases  of  platy  structures 
the  surfaces  so  formed  constitute  potential  fracture  surfaces. 

3 

Balk  classified  joints  in  igneous  rocks  as  functions  of  flow  struc¬ 
ture:  (1)  cross  joints,  (2)  longitudinal  joints,  (3)  diagonal  joints,  and 
(4)  primary  flat  joints.  Gross  joints  are  those  that  lie  perpendicular 
to  flow  lines.  They  are  usually  straighter  than  other  types,  are  equiv¬ 
alent  of  tension  joints,  being  formed  during  the  very  early  stages  of 
magma  consolidation.  Longitudinal  joints  lie  parallel  to  flow  lines, 
some  caused  by  the  cooling  of  a  magma.  Diagonal  joints  are’  those  which 
occur  at  45°  to  the  flow  lines  and  are  caused  by  shear.  In  some  types  of 
igneous  rocks  there  has  been  a  tendency  to  flat  lying  joints.  Their  ori¬ 
gin  is  somewhat  uncertain.  (See  Figures  2.25  and  2.2b). 

Diagonal  joints  are  believed  to  represent  shear  planus  which  are  dom¬ 
inate  over  cross  joints  if  the  mass  is  so  constrained  that  slippage  is 
prevented.  Dikes  themselves  are  common  in  igneous  rocks  and  may  weaken 
the  overall  structure  if  they  are  not  firmly  welded  to  the  walls. 

Large  quarries  in  the  Strehlen  granite  in  eastern  Germany  have  per¬ 
mitted  an  extensive  study  of  its  structure.  Throughout  this  mass  a  lin¬ 
ear  parallelism  of  structure  trends  east  and  west  forming  an  arch.  The 
rift  and  flow  lines  in  this  rock  coincide.  (See  Figure  2.27). 

Figure  2.28  is  based  on  the  results  of  experiments  with  wet  clay 
which  created  fissures  and  flow  lines  as  shown. 

The  examples  given  indicate  that  masses  of  igneous  rock  have  struc¬ 
tures  which  are  related  to  an  observable  geological  system  of  flows, 
joints,  fissures,  etc.,  which  would  be  of  basic  design  value  in  locating 
protective  construction  installations  within  them. 

Mctaniorphic  Rocks.  These  may  he  classed  in  two  categories:  (1)  con¬ 
tact  rocks  produced  by  igneous  intrusions  along  their  contacts  or  walls, 
and  (2)  regionally  metamorphic  types  which  may  cover  a  large  area. 

Contact  rocks  include  both  the  border  rocks  o(  the  intrusion  and 
the  metamorphosed  or  recryslallized  portions  ol  the  intruded  rocks,  such 
as  products  from  shales,  slates,  or  limestones;  sandstones  are  less 
influenced  by  intrusions.  The  term  horn f els  is  gi  Morally  applied  to 
densely  crystalline,  altered  shales.  Alteration  of  limestones  on  contacts 
usually  results  in  the  formation  of  a  series  of  1  nne-sil i cates  such  as 
garnet,  pyroxene,  epidote,  and  vusuvian i  t.e  . 

Regionally  metamorphic  rocks  may  be  representative  of  either  sedi¬ 
mentary  or  igneous  types.  Gneisses  are  usually  handed  or  foliated  rocks 
of  granitoid  texture,  and  often  have  the  appearance  of  granite  (Figure 
2.29).  Schists  including  mica-,  hornblende-,  quartz-,  and  chlorite  schists 
are  usually  foliated  with  the  characteristic  mineral  well  developed. 
Quartzites  are  sandstones  which  have  been  hardened  and  solidified  with 
the  addition  of  new  silica.  Slates  are  derived  from  shales  or  clays, 
and  usually  show  a  prominent  cleavage  structure  which  has  no  definite 
relation  to  the  original  bedding,  the  cleavage  having  been  produced  by 


Figure  2.25.  Idealized  relations  between  flow  lines  in 
igneous  rock  and  artificial  parting.  (ABCF,  CFED,  AFGE . ) 

Cross  joints  are  given  by  (J)  and  dikes  by  (R,S,T,U). 
Horizontal  flow  lines  tend  from  left  to  right  and  rift 
planes  (C,F,E,D)  as  a  rule  trend  the  same,  llardway  planes 
(A,B,C,F)  are  perpendicular  to  the  flow  lines,  and  the 
primary  "bedding"  planes  (A,F,G,E)  include  the  flow  lines. 
They  may,  or  may  not  coincide  with  exfoliation  planes 
caused  by  weathering.  Cross  joints  (J)  and  dikes  (U) 
are  norma L  to  flow  lines. 


Figure  2.26.  Idealized  relations  between  flow  lines  in 
igneous  rock  and  artificial  parting. 
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Strehlen,  Germany.  (f)  Flat-lying  normal  faults;  (c)  cross  joints,  (1)  longitudinal 
joints;  (pf)  primary  flat-lying  joints;  (apl-p)  aplites  or.  primary  flat-lying  joints 
(h)  hardway  planes  (dots  and  dashes);  rift  planes  (rows  of  dashes)."^ 


Figure  2.29.  Plan  view  of  a  ledge  of  granite  gneiss, 
foliated  nortn-south,  taverned  by  a  6-foot  dike  of 
foliated  granite.  This  is  illustrative  of  complicated 
structures  which  might  occur  in  igneous  and  metamorphic 
rocks .  ^ 
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pressure,  Graywackes  are  irregularly  breaking,  sandy  metamorphosed  shales 
or  volcanic  tuffs  and  breccias.  Marbles  are  recrystallized  limestones. 

The  long-continued  stress  and  recrystallization  which  accompany 
regional  matamorphism  and  "rock  flowage"  usually  result  in  a  banded  struc¬ 
ture  In  rocks  produced  from  both  sedimentary  and  igneous  rocks,  various 
minerals  in  the  rock  are  oriented  with  their  longer  axes  parallel.  This 
produces  planes  of  weakness  when  the  rocks  are  subjected  to  fracture 
stresses  that  differ  from  those  which  caused  the  cleavage.  Rocks  which 
have  been  metamorphosed  in  this  manner  are  said  to  possess  a  schistose 
structure .  In  addition,  schists  may  exhibit  cleavage  which  is  independ¬ 
ent  of  their  schistosity,  with  occasional  traces  of  the  original  strati¬ 
fication.  If  schistose  structure  of  rocks  “is  coarse  in  character,  the 
rocks  grade  into  gneisses.  Here  the  bands  may  be  more  prominently  dev¬ 
eloped  than  in  the  schists,  but  they  do  not  fracture  so  easily. 

Products  of  weathering  include  surface  materials  which  are  subject 
to  weathering  processes,  whose  end  products  are  usually  soils.  These 
also  might  be  considered  as  products  of  metamorphic  processes. 


Primary  Metamorphism 

Metamorphism  may  be  defined  as  the  change  in  a  rock  either  in 
physical  form  or  chemical  composition  due  to  pressure,  heat,  solutions 
or  other  causes.  Metasomatism  is  metamorphism  which  involves  a  change 
in  the  chemical  composition  of  rocks  by  the  addition  or  subtraction  of 
one  or  more  of  the  constituents,  elements  or  compounds.  Dynamic -regional 
metamorphism  usually  results  in  the  formation  of  metamorphic.  rocks  such 
as  schist,  gneisses,  etc.  (See  Metamorphic  Rocks). 

Of  equal  significance  are  secondary  types  of  metamorphism  which  are 
caused  by  the  action  of  solutions  which  may  be  associated  with  primary 
ore  deposition,  (See  below).  These  serve  not  only  as  valuable  guides 
in  prospecting  for  ore,  but  they  vitally  affect  the  structural  strength 
of  the  gre  and  the  enclosing  rock  during  mining.  b.S.  Bureau  of  Mines 
tests5’  have  shown  that  even  slight  degrees  of  alteration  materially 
affect  the  clastic  properties  of  rock. 

One  of  the  common  types  of  rock  alteration  is  contact  motamorphlsm, 
which  is  the  change  in  structure  and  composition  of  the  enclosing  rocks 
immediately  in  the  vicinity  of  igneous  intrusions.  The  types  of  rocks 
which  arc  most  commonly  affected  by  intrusfvp.s  are  limestone,  which  is 
changed  to  marble,  shale,  which  is  changed  to  hornfels,  and  sandstone, 
which  is  changed  to  quartzite,  all  with  the  addition  of  new  minerals. 
Igneous  rocks  are  affected  less  by  contact  metamorphism  inasmuch  as  they 
were  formed  under  igneous  conditions  themselves.  Certain  minerals  are 
characteristic,  though  not  necessarily  diagnostic,  of  contact  metamorphism. 
These  are  garnet,  wollastonite,  epidote,  pyroxene,  amphiboly,  magnetite, 
quartz,  and  certain  sulphides.  The  distance  to  which  this  process  may 
penetrate  invaded  rocks  varies  greatly  in  different  localities  and  also 
in  different  rocks.  Certain  beds  may  be  altered  for  long  distances  from 
the  contact  while  others  remain  unchanged  within  a  short  distance  of  the 
intrusive.  Contact  metamorphic  rocks  and  minerals  are  commonly  tough 
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and  resistant  to  erosion.  Structurally  they  might  be  expected  to  be  com¬ 
petent  unless  subjected  to  later  faulting  or  destructive  alteration. 


Secondary  Metamornhlsm 

Hydrothermal  alteration  Is  a  metasomatic  process  which  involves  the 
alteration  of  rocks  by  hot  ascending  solutions;  it  frequently  accompanies 
the  process  of  primary  ore  deposition.  The  wall  rocks  of  veins  are  com¬ 
monly  fractured  by  fault  movement,  and  these  fractures  afford  ready  access 
to  solutions  which  alter  the  rock  if  conditions  such  as  chemical  composi¬ 
tion,  temperature,  etc,,  are  suitable.  Alteration  is  usually  more  intense 
near  the  vein  and  Is  likely  to  diminish  rapidly  with  the  distance  from  the 
vein.  Most  alteration  seems  to  be  carried  out  by  depleted  solutions  which 
have  already  deposited  the  heavier  base  minerals  along  the  vein. 

Where  there  is  a  tightness  of  fractures  at  considerable  depth  because 
of  pressure,  the  alteration  of  wall  rocks  is  likely  to  be  less  intense 
along  deep-seated  fractures  than  in  shallow  deposits.  It  also  may  be 
less  intensely  developed  in  relation  to  deposits  which  were  formed  in 
open  spaces,  but  of  considerable  intensity  around  replacement  deposits. 
Some  of  the  most  common  effects  of  intense  alteration  along  veins  are 
sericitlzation  and  the  introduction  of  pyrite  (pyritizatlon)  which  may 
grade  into  propylitization  at  greater  distances  from  the  deposit.  In 
basic  rocks  the  tendency  is  for  propylitization  to  persist  close  up  to 
veins  and  perhaps  give  way  there  to  sericitlzation, 

Sericitlzation  is  the  type  of  hydrothermal  alteration  which  results 
in  a  complete  loss  of  soda  and  a  large  gain  in  silica,  potash,  perhaps 
pyrite  and  other  substances.  The  typical  product  of  complete  serioiti- 
zation  is  a  finely  granular  aggregate  of  sericite,  quartz,  pyrite  and 
calcite,  which  usually  forms  a  very  incompetent  rock.  Sericitized  rocks 
are  oiten  white  to  light  yellow  in  color  and  arc  usually  soft.  Minute 
scales  of  sericite  are  distinguishable  megascopical ly  and  are  often  the 
means  of  distinguishing  between  sericitlzation  and  kaol iuizaticn.  Both 
types  of  alteration  are  destructive  in  character  as  far  as  rock  strength 
is  concerned. 

Sillclflcation  of  mine  rock  by  processes  oi  hydrothermal  alteration 
i.s  also  frequently  encountered.  According  to  chemical  laws  the  tendency 
toward  si licif ication  is  usually  greater  in  acid  rocks  (of  high  silica 
content)  than  in  basic  rocks  (of  lew  silica  content).  The  formation  of 
a  reticulated  structure  is  common  in  limestones  where  siliceous  seams 
may  be  formed  which  enclose  partly  altered  or  fresh  fragments  of  lime¬ 
stone.  Quartz  which  is  formed  in  this  manner  is  often  cherty  in  char¬ 
acter,  whereas  the  replacement  of  calcium  by  silica  may  reproduce  the 
origLnal  structure.  As  the  name  of  the  process  implies,  it.  involves 
the  addition  of  silica  to  the  rocks  through  which  solutions  move.  The 
silica  is  usually  fine-grained  or  amorphous  in  character  and  may  be 
deposited  along  the  cracks  or  by  replacement.  A  hardening  effect  nor¬ 
mally  results  when  quartz  becomes  part  of  a  rock,  with  an  accompanying 
increase  in  structural  strength.  Fissures  are  often  "healed"  by  silici 
ttcation,  which  may  lessen  the  problems  of  support  when  rocks  associated 
with  such  fissures  arc  excavated. 
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Kaollnizatlon  may  occur  as  a  result  of  either  hydrothermal  alter¬ 
ation,  or  by  weathering,  alteration  of  rocks,  ores,  and  minerals  by 
atmospheric  waters.  It  is  typically  a  result  of  surface  agencies,  but 
may  also  occur  where  hydrothermal  solutions  are  acid  in  character.  This 
process  involves  the  decomposition  and  solution  of  hard  feldspars  and 
other  minerals  and  the  formation  of  kaolin,  which  is  soft  and  friable 
in  character.  Consequently,  rocks  and  ores  which  have  been  subjeet  to 
kaolinization  are  likely  to  be  structurally  weak  and  will  not  stand 
pressure  long,  especially  when  exposed  to  air. 

As  pointed  out  previously,  the  walls  of  deep-seated  veins  are  not 
as  extensively  altered  as  veins  formed  at  shallow  depths.  In  veins 
nearer  the  surface  where  the  hanging  wall  has  been  subjected  to  frac¬ 
ture,  brecciation  and  mineralization,  hydrothermal  alteration  will 
extend  farther  into  it  than  into  the  foot  wall,  giving  rise  to  a  "heavy" 
hanging  wall.  This  may  come  about  as  a  result  of  a  greater  resistance 
of  the  foot  wall  to  fracturing  relative  to  that  of  the  hanging  wall. 

The  hanging  wall  rocks  can  readily  adjust  themselves  to  geologic  stresses 
through  fracturing,  while  the  foot  wall,  which  may  be  under  stresses  of 
equal  magnitude,  remains  massive  and  unbroken  due  to  the  reinforcement 
of  the  underlying  rock. 

Argillic-clay  minerals  occur  in  sulphide  ore  and  arc  character¬ 
istically  of  earlier  formation  than  sericite.  Chemical  data  indicate 
that  calcium  and  sodium  art.  generally  removed  from  the  rock  to  a  signi¬ 
ficant  degree,  whereas  potassium  and  silica  remain  constant  or  increase 
slightly. 

The  complexity  of  hydrothermal  alteration  is  illustrated  by  the 
following  list  of  products  and  the  minerals  from  which  they  may  have 
been  formed  or  by  which  may  have  replaced. 

Plagioclase:  Sericite,  kaolinitc,  other  silicates,  sulphides  and 
quartz . 

Orthoclase:  More  resistant  to  alteration,  but  excessive  alteration 
may  form  same  minerals  as  for  plagioclase. 

Biotito;  Secondary  biotito,  chlorite,  c.alcite,  and  other  silicates 
with  some  sulphides. 

Augite;  Horneblende,  biotito,  chlorite,  and  others. 

Quartz;  Resistant  to  alteration,  but  may  bo  replaced  Lo  a  small 
degree  by  sericite,  orthoclase,  and  others. 

Magnetite:  Hematite. 

Illmcnite:  I.cucoxene. 

Zircon:  Unaltered. 

Apatite:  Unaltered  in  some  cases,  destroyed  in  others. 
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Strength  of  Ore.  In  general,  the  structural  strength  of  ore  is 
affected  by  the  same  factors  as  the  surrounding  rock.  The  composition 
of  the  ore  may  make  it  very  competent  or  very  weak,  Massive  sulphides, 
for  example,  will  stand  in  very  large  arches,  whereas  softer,  more 
friable  mineral  complexes  are  weak. 


Geology  and  Underground  Water 


Where  water  is  found  in  the  underground  zone,  the  substrata  and 
geologic  structure  govern  its  movement  and  distribution.  Most  water  is 
of  atmospheric  (meteoric)  origin  although  small  amounts  of  connate 
(entrapped)  water  is  found  in  some  types  of  rocks.  The  latter  and  mag¬ 
matic  water  (volcanic)  are  usually  highly  mineralized. 

Large  amounts  of  ground  water  occur  in  permeable  geologic  forma¬ 
tions  known  as  aquifers .  which  allow  water  to  move  through  them  under 
natural  conditions.  An  aquilude  is  an  impermeable  formation  which  con¬ 
tains  but  does  not  transmit  water,  while  an  aqulfuge  is  an  impermeable 
rock  which  neither  contains  nor  transmits  water.  Fault  zones  and  inter¬ 
connected  fractures  may  provide  water  channels,  which  may  be  enlarged 
by  solution. 

Approximately  90  percent  of  all  aquifers  consist  of  unconsolidated 
rocks,  chiefly  sand  and  gravel. 7  Limestones  vary  widely  in  porosity 
and  permeability,  those  acting  as  important  aquifers  containing  large 
solution  channels.  Volcanic  rocks,  such  as  basalt,  may  form  permeable 
aquifers,  rhyolites  are  less  permeable,  while  intrusive  rocks  are 
impermeable.  Sandstone  and  conglomerate  usually  are  made  up  of  cemented 
grains,  the  cementation  reducing  the  flow.  The  best  sandstone  aquifers 
are  those  which  are  only  partially  cemented,  or  those  which  permit  flow 
of  water  through  joints.  Crystalline  and  metamorphlc  rocks  are  rela¬ 
tively  impermeable. 

An  ideal  underground  protection  site  would  be  free  from  ground- 
water.  Such  water  would  cause  construction  or  operation  problems  and 
usually  Is  a  source  of  maintenance  difficulties.  Aside  from  the  prob¬ 
lem  of  pumping  volumes  of  water,  a  significant  portion  of  underground 
water  is  corrosive  because  of  dissolved  minerals.  Hence,  while  an 
overlying  aquifer  may  be  desirable  for  water  supply  purposes,  the  accom¬ 
panying  problems  may  offset  this  advantage.  Conceivably  a  large  sur¬ 
face  blast  could  disturb  the  rock  structure  above  an  underground  open¬ 
ing  sufficiently  to  open  channel  ways  from  the  aquifer  to  the  opening. 

For  effects  of  water  on  mechanical  properties  of  rock  see  Chapter  I. 
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CHAPTER  III 


GEOLOGY  AND  UNDERGROUND  STRUCTURE  STABILITY 

Introduction 


The  problems  involved  in  the  stability  of  mines  and  those  in  the 
stability  of  underground  protective  excavations  are  identical  for  static 
conditions,  and  most  of  the  factors  which  contribute  to  static  stability 
are  also  likely  to  contribute  to  strength  under  dynamic  loading.  A 
wealth  of  data  is  available  on  underground  mining  conditions,  and  while 
it  is  largely  descriptive  in  character  it  is  the  most  reliable  guide  that 
is  currently  available  for  overall  evaluation  of  underground  opening 
stability  problems. 


In  mining  processes  a  method  of  mining  ore  is  employed  which  will 
yield  the  largest  net  return  on  a  given  deposit.  The  method  employed 
must  be  safe  and  must  also  permit  optimum  extraction  of  valuable  minerals 
under  the  particular  geological  conditions  encountered.  The  classifi¬ 
cation  of  sloping  methods  adapted  by  the  Bureau  of  Mines^  was  devised 
largely  on  the  basis  of  rock  stability.  The  best  method  of  stoping  de¬ 
pends  upon  the  geological  characteristics  that  determine  the  area  of 
back  or  walls  that  will  be  self-supporting  during  the  removal  of  ore; 
the  nature  and  size  of  supports  required;  and  the  support  required  for 
permanent  openings  to  prevent  subsidence.  More  specifically,  geology 
must  be  studied  in  detail  so  that:  (1)  Preliminary  openings  may  be 
placed  to  best  advantage;  (2)  permanent  openings  may  be  placed  in  solid 
stable  rock;  (3)  stopes  may  be  planned  for  optimum  stability  and  ground 
control;  (4)  mine  openings  may  be  maintained  at  minimum  cost;  (5)  open¬ 
ings  may  be  located  to  avoid  water;  (6)  overall  mining  methods  may  be 
planned;  and  (7)  maximum  safety  can  be  achieved. 


Mining  Methods  -  Classification 


The  features  of  ore  deposits  and  their  environment  which  dictate  a 
given  mining  method  may  be  created  before,  during,  or  after  mineralization 
takes  place.  From  a  structural  engineering  point  of  view  the  following 
characteristics  are  important:  (1)  The  size  and  shape  of  the  ore  body; 

(2)  the  depth  and  type  of  overburden;  (3)  the  location,  strike  and  dip 
of  the  deposit;  (4)  the  strength  and  physical  character  of  the  ore;  (5) 
the  strength  and  physical  character  of  the  surrounding  rock;  (6)  water 
and  drainage,  i.e.,  the  presence  or  absence  of  aquifers;  (7)  grade  and 
type  of  ore  and  other  economic  factors.  Of  these  only  the  last  has  little 
parallel  importance  in  underground  protective  structures.  (An  exception 
would  exist,  for  example,  where  excavation  was  being  made  in  a  marketable 
rock  such  as  limestone  suitable  for  agricultural  or  other  purposes.) 

The  above  factors  can  be  readily  interpreted  in  terms  of  geological 
entities,  some  of  a  quantitative  and  others  of  a  purely  qualitative 
nature.  As  part  of  the  background  for  a  geological  analysis  of  stoping 


methods  and  related  rock  mechanics,  a  classification  of  mining  methods 
will  illustrate  many  of  the  principles  of  rock  stability  involved! 

Classification  of  Stoping  Methods^ 

A.  Stopes  naturally  supported, 

1.  Open  stoping. 

(a)  Open  stopes  in  small  ore  bodies. 

(b)  Sublevel  stoping. 

2.  Open  stopes  with  pillar  supports. 

(a)  Casual  pillars. 

(b)  Room  (or  stope)  and  pillar  (regular  arrangement) . 

B.  Stopes  artificially  supported. 

3.  Shrinkage  stoping. 

(a)  With  pillars. 

(b)  Without  pillars. 

(c)  With  subsequent  waste  filling. 

4.  Cut-and-fill  stoping. 

5.  Stulled  stopes  in  narrow  veins. 

6.  Square-set  stoping. 

C.  Caved  stopes. 

7.  Caving  (ore  broken  by  induced  caving). 

(a)  Block  caving;  including  caving  to  main  levels  and 
caving  to  chutes  or  branched  raises. 

(b)  Sublevel  caving. 

8.  Top  slicing  (Mining  under  a  mat  which,  together  with 
caved  capping,  follows  the  mining  downward  in  successive 
stages) . 

D.  Combination  of  supported  and  caved  stopes.  (As  shrinkage 
stoping  with  pillar  caving,  cut-and-fill  stoping  with  top 
slicing  ol  pillars,  etc.). 


Physical  Factors  and  Selection  of  Stoping  Methods 


The  physical  characteristics  which  dictate  the  choice  of  a  stoping 
method  might  be  grouped  from  a  different  point  of  view  as  follows; 

(1)  strength  of  ore  and  wall  rocks,  (2)  shape,  horizontal  area,  volume, 
and  regularity  of  the  boundaries  of  the  ore  body,  and  the  thickness, 
dip  and/or  pitch  of  the  deposit  and  individual  ore  shoots,  (3)  contin¬ 
uity  of  the  ore  within  the  boundaries  of  the  deposit,  (4)  depth  below 
the  surface  and  nature  of  the  capping  or  overburden,  and  (5)  position 
of  the  deposit  relative  to  surface  improvements,  drainage  and  other 
mine  openings. 
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In  the  selection  of  a  stoping  method  it  is  usually  necessary  to 
consider  the  influence  of  several  factors  and  then  in  the  final  analy¬ 
sis  minimize  or  disregard  those  of  lesser  importance  in  order  to  satisfy 
the  requirements  of  the  more  important  ones.  Similar  principles  will 
govern  in  the  selection  and  construction  of  protective  installations. 


Strength  of  Ore  and  Wall  Rocks 

The  structural  strength  of  both  the  ore  and  wall  rocks  is  one  of 
the  first  of  the  characteristics  of  an  ore  deposit  which  is  appraised 
before  mining  operations  have  opened  up  large  sections  of  a  deposit,  as 
it  determines  the  safe  size  of  excavations,  the  length  of  time  that  they 
may  be  left  open  with  safety,  or  the  support  which  will  be  required. 

The  structural  strength  of  the  ore  and  rock  mass  depends  not  only 
upon  the  inherent  strength  of  the  solid  rock  itself,  but  upon  the  exist¬ 
ence  of  fractures  and  planes  of  weakness  and  their  geometric  arrangement, 
bedding,  planes,  and  schistosity,  as  well  as  upon  the  element  of  time.  A 
small  block  of  rock  of  uniform  texture  and  structure  which  is  not  cut  by 
fractures  or  joint  planes  is  almost  invariably  a  stronger  structural  unit 
than  a  larger  mass  lacking  uniformity  and  cut  by  planes  of  weakness. 
However,  very  large  pillars  may  show  greater  strength  than  laboratory 
test  specimens  due  to  the  effect  of  confinement  of  the  central  core,  even 
though  some  fracturing  and  variation  of  properties  exist.  The  arrangement 
and  distance  between  fractures  and  other  planes  of  weakness  has  a  profound 
effect  upon  the  overall  strength  of  a  rock  mass.  For  example,  if  a  series 
of  joints  or  bedding  planes  all  trend  in  the  same  direction,  i.e,,  if  they 
are  approximately  parallel,  the  mass  may  be  weak  in  resistance  to  stresses 
in  one  direction  while  it  is  strongly  resistant  to  stresses  normal  to  the 
first. 


Frequently,  fresh,  newly-exposed  rock  (shale  and  others)  is  strong, 
but  after  it  has  been  exposed  to  air  for  a  period  of  time,  it  may  slough 
or  swell  and  become  difficult  to  support.  In  other  cases,  the  stresses 
imposed  upon  a  strong  rock  arch  nuy  weaken  it  gradually  until  it  fails. 

Thus,  the  element  of  time  must  be  regarded  as  important  in  its  chemical 
and  mechanical  effects  upon  the  support  of  underground  openings. 

The  strength  of  the  ore  and  walls  in  relation  to  the  size  of  a  deposit, 
particularly  the  horizontal  area,  is  of  major  importance.  For  example, 
a  caving  method  cannot  be  employed  in  a  deposit  if  its  horizontal 
area  is  so  small,  in  proportion  to  its  mass  strength  that  it  will  nuL  cave 
when  the  ore  is  undercut.  On  the  other  hand,  providing  temporary  or  per¬ 
manent  support  even  in  a  firm  ore  body  of  large  horizontal  extent  becomes 
increasingly  difficult  as  stopes  are  increased  in  size,  and  some  typo  of 
support  such  as  pillars,  filling  or  timbering  is  needed  if  a  supported- 
stope  method  is  indicated.  Inasmuch  as  dry  filling  will  usually  provide 
only  side  support  to  the  walls  and  cannot  be  placed  so  that  it  will  afford 
close  support  to  the  back,  the  lateral  dimensions  of  a  stope  back 
which  will  stand  undisturbed  over  a  filled  excavation  are  limited  by  the 
weakness  of  the  overlying  rocks.  The  larger  the  area  Is,  the  less  the 
probability  that  filling  will  support  it  adequately.  For  example,  filled 
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square  sets  which  support  the  back  of  a  stope  are  much  more  effective 
than  filling  or  square-setting  used  independently,  Hydraulic  or  sand 
filling  may  not  have  these  deficiencies. 


Shape,  Size,  and  Dio  of  Deposit, 

The  shape  of  ore  bodies  varies  from  massive  to  tabular,  and  from 
bedded  deposits  to  pipes,  shoots,  dikes,  and  sills,  depending  upon  their 
genetic  history  and  the  character  of  the  host  rocks  in  which  they  are 
formed.  The  attitude  of  a  deposit  will  directly  influence  the  method 
chosen  to  mine  it.  For  example,  the  ore  in  a  tabular  deposit  dipping  at 
a  high  angle  may  be  completely  removed  without  use  of  supports  if  the 
walls  are  moderately  strong  A  similar  deposit  dipping  at  a  low  angle, 
however,  may  possess  a  horizontal  span  so  great  that  it  is  necessary  to 
support  the  hanging  wall  with  natural  pillars  or  timbers. 

A  deposit  which  is  regular  in  shape  may  require  less  support  dur¬ 
ing  stoping  operations  than  one  which  is  very  irregular,  other  physical 
characteristics  being  identical.  Thus,  mining  operations  in  an  irregu¬ 
lar  deposit  will  produce  stopes  with  uneven  walls  overhanging  slabs  or 
projecting  columns  of  wall  rock.  These  irregularities  may  require  sup¬ 
port,  especially  if  the  rock  is  fractured  or  broken,  but  if  the  walls 
are  smooth  and  regular  and  of  uniform  strength  they  may  stand  without 
support  This  factor  is  of  particular  importance  in  very  deep  workings 
where,  in  the  deep  or  "rockburst"  zone,  it  has  been  found  that  concen¬ 
tration  of  stresses  at  corners  and  around  projections  relates  them  close¬ 
ly  to  tlic  occurrence  of  rockbursts. 

A  small  ore  body  in  firm  rock  often  can  be  mined  entirely  without 
any  support  other  than  that  of  the  walls  themselves.  If  larger  ore  bod¬ 
ies  are  found  in  the  same  kind  of  ground  mass,  it  usually  is  necessary 
to  provide  support  in  the  form  of  pillars,  filling  or  timber  because 
greater  sections  of  backs  and  walls  are  left  unsupported  when  the  ore  is 
removed  In  other  word-S ,  there  is  a  limit  to  the  length  or  width  of  an 
un-supported  arch  or  span  that  will  possess  sufficient  structural  strength 
to  resist  the  pressures  of  the  overlying  rock  masses.  It  is  obvious, 
therefore,  that  the  size  of  a  mineral  deposit  is  another  of  the  funda¬ 
mental  features  which  must  be  considered  when  a  mining  method  is  to  be 
applied  to  an  ore  body  The  size  of  openings  relative  to  fracture  spac¬ 
ing  is  an  obvious  strength  factor,  (See  Chapter  VIII),  but  requires  evalu¬ 
ation  for  each  particular  case 


Depth  Below  Surface  and  Character  of  Overburden. 

Frequently,  as  depth  of  mining  operations  increases  the  mining  methi  d 
must  be  changed  because  the  openings  require  more  support  to  keep  them 
open.  Deposits  near  the  surface  do  not  have  a  large  column  of  rocks  above 
them  and  consequently  they  are  subject  to  the  relatively  low  1 j thostat ic 
pressures  The  pressure  cn  mine  openings  other  than  residual  or  tectonic 
stresses,  increases  proportionately  with  the  depth  below  the  surface. 
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The  character  of  the  overburden  and  the  physical  condition,  of  the 
rock  mass  above  the  deposit  may  have  an  important  effect  upon  rock 
stresses  at  depth.  Relative  magnitudes,  of  pressures  in  the  three  direc¬ 
tions  will  depend  upon  the  state  of  the  overlying  material,  i.e,, 
whether  it  is  elastic,  plastic,  or  viscous  in  character.  The  weight 
of  a  thick  mass  of  unconsolidated  overburden  is  sustained  by  the  under¬ 
lying  rock,  and  if  mine  openings  are  made  in  the  latter,  the  total 
weight  is  transmitted  to  the  pillars,  walls  or  other  supports,  either 
directly  or  by  thrust  of  rock  arches,  etc.  Similarly,  if  a  separated 
block  or  "pressure  block"  is  formed  over  the  workings  by  huge  masses  of 
rock  being  severed  from  the  surrounding  formations,  these  pressures  are 
transmitted  to  the  supports  in  the  mine.  Pressure  blocks  of  tremendous 
size  may  be  present  as  a  result  of  natural  geological  phenomena,  such  as 
faults,  or  may  occur  as  a  result  of  mining  operations.  Thus,  the  direc¬ 
tion  of  pressure  may  be  governed  largely  by  geological  structure,  parti¬ 
cularly  in  the  vicinity  of  faults,  folds  or  jointed  structures- 

The  direction  in  which  pressure  is  exerted  upon  the  walls  or  roofs 
of  an  underground  excavation  depends  largely  upon  the  attitude  of  the 
deposits  and  must  be  taken  into  account  when  a  mine  operator  is  deciding 
upon  a  method  of  stope  support.  In  a  steeply  dipping  tabular  deposit, 
waste  filling  will  furnish  adequate  support  against  side  pressure  from 
the  walls,  whereas  in  a  wide  deposit,  in  which  the  greatest  pressure 
acts  vertically  downward  on  the  backs  of  stopes,  filling  cannot  be  relied 
upon  to  prevent  damaging  movement.  In  wide  stopes,  waste  rock  cannot  be 
back-filled  or  packed  tightly  enough  against  the  back  or  roof  to  support 
firmly  the  weight  that  may  come  upon  it,  while  sand  (hydraulic)  fill  has 
better  packing  and  support  characteristics.  Furthermore,  filling  usually 
shrinks  in  volume  after  it  has  been  placed  in  a  stope,  leaving  open  spaces 
and  consequent  unsupported  sections  of  roof.  It  is  logical,  then,  that 
a  cut-and-fill  method,  for  example,  can  be  employed  where  the  pressure 
is  from  the  sides  and  the  back  is  strong  and  self-supporting,  while,  on 
the  other  hand,  if  the  pressure  is  vortical,  square-setting  supplemented 
by  filling  or  some  other  method  of  supporting  the  back  is  necessary. 

If  the  earth's  surface  were  made  up  of  homogeneous  elastic  material 
with  no  faults  or  fractures  in  it,  the  horizontal  pressure  at  depths  would 
be  found  equal  to  a  function  of  Poisson's  ratio  for  the  material  and  the 
weight  and  depth  involved.  It  it  were  plastic,  and  homogeneously  so, 
the  condition  of  the  material  would  approach  hydraulic  behavior,  in  which 
the  magnitudes  of  pressures  are  equal  in  all  directions.  Unfortunately, 
none  of  these  conditions  attain  in  a  predictable  manner  under  normal 
circumstances  because  of  the  heterogeneity  of  the  earth's  crust,  both  with 
respect  to  its  composition  and  structure. 


Influence  of  Geology  on  Rock  Structure 
and  Geometry 


Tt  has  been  shown  how  the  size,  shape,  regularity  of  outline, 
continuity,  and  other  geometric  characteristics  of  ore  deposits  have  a 
controlling  influence  upon  the  support  problems  involved  in  their 
exploitation.  Aside  from  the  various  theories  of  the  genesis  of  mineral 
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deposits,  sueh  as  structural  eontroi,  ete.,  the  association  of  geologic 
structures  with  and  their  influence  upon  ore  deposition  are  also  of 
prime  importance  io-the  mining  operations  of  development  and  exploita¬ 
tion.  Further,  many  of  the  same  basic  elements  of  rock  structure  stabil¬ 
ity  are  found  in  tunneling  and  protective  excavations. 

The  structural  features  of  ore  deposits  influence  all  four  phases 
of  mining  operations,  i.e.,  (1)  prospecting,  (2)  exploration,  (3)  develop¬ 
ment,  and  (4)  exploitation.  In  the  first  phase  of  the  mining  process, 
geology  is  the  most  important  tool  which  is  employed  in  the  finding  of 
new  ore  bodies,  and  is  most  effective  in  the  hands  of  an  experienced  min¬ 
ing  geologist.  In  the  second  and  third  phases  of  a  mining  operation, 
however,  it  is  essential  for  the  mine  engineer  with  a  knowledge  of 
strength  of  materials  to  have  as  complete  a  knowledge  as  possible  of  the 
structural  features  of  the  deposit  which  will  affect  the  production  of 
ore,  and  which  will,  In  turn,  affect  the  margin  of  profit.  These  features 
fall  into  the  categories  of:  (1)  attitude,  size,  and  shape,  as  well  as 
(2)  planes  of  weakness,  (3)  zones  of  alteration,  (4)  zones  of  strong  and 
weak  mineralization.  (5)  competent  and  incompetent  beds,  and  (6)  inher¬ 
ently  strong  and  weak  igneous  rocks,  etc.  At  present  most  of  these  must 
be  dealt  with  in  a  qualitative  manner,  because  the  structure  of  the 
earth's  crust  is  so  complex  that  it  yields  to  a  quantitative  analysis 
only  In  a  general  way.  The  structural  features  of  ore  deposits  may  well 
be  considered  in  relation  to  three  general  types  of  deposits:  (1)  bedded 
deposits,  (2)  veins,  and  (3)  massive  deposits. 

Bedded  and  Sedimentary  Deposits.  Deposits  of  this  type  which  have 
not  been  disturbed  by  faulting,  folding,  or  other  dynamic  action,  are, 
like  flat-lying  beds  of  coal,  very  simple  to  mine.  Support  problems  are 
often  non-existent  or  a  systematic  method  of  pillar  support  is  employed 
to  hold  the  roof  and  the  overlying  rock.  Poor  rock  in  the  immediate 
roof,  however,  such  as  shale,  immediately  creates  hazardous  conditions. 

Good  examples  of  this  type  of  deposit  are  the  ores  in  southeast 
Missouri,  the  Tri-State  District,  Silver  King  Mine  at  Park  City,  Utah, 
and  numerous  limestone  miner.  Coal  mines  of  similar  character  are  very 
numerous.  In  each  of  these  the  geometry  of  the  deposit  is  controlled 
primarily  by  the  thickness  and  character  of  the  favorable  bed  which  was 
mineralized,  replaced,  or  deposited.  One  of  the.  most  serious  problems 
in  this  type  of  mine  may  be  that  of  determining  the  number  of  pillars 
which  must  be  left  to  support  the  roof. 

Veins  in  Fractures  Shear,  and  Fault  Zones.  A  large  portion  of 
commercial  mineral  deposits  are  found  in  or  closely  associated  with  these 
structural  features.  The  most  favorable  rocks  for  mineralization  are 
often  those  which  were  originally  relatively  strong,  brittle,  and  compe¬ 
tent.  These  favorable  rocks  fracture  without  notable  flow  and  are  strong 
enough  to  maintain  openings  for  deposition  of  minerals.  Deposits  formed 
in  these  structures  vary  from  tabular  veins  to  pipe-like  bodies  and  shoots, 
and  may  be  regular  or  irregular,  wide  or  narrow,  continuous  or  discontin¬ 
uous.  Therefore,  it  could  logically  be  expected  to  find  all  types  of 
mining  methods  used  in  vein,  fissure  or  shoot  deposits,  Only  in  very 
wide  veins  does  the  size  have  an  important  influence  upon  mining. 

(Figure  3.1) 


Figure  3.1.  Diagrammatic  .sketch  ol  cress  .section  of  vein  in 
granite  showing  types  of  fractures  and  other  structure. 
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The  structural  formation  of  veins  is  employed  by  Gunther  and 
Fleming2  as  a  basis  for  defining  different  vein  types,  and  is  useful  in 
examining  their  structural  characteristics. 

A  fissure,  vein  is  a  mineral  mass,  which  is  genei*ally  tabular  in  form 
with  local  irregularities.  It  fills  or  accompanies  a  fissure,  or  a  series 
of  closely  set  and  intimately  related  parallel  fractures  in  the  enclosing 
rock,  the  mineral  mass  having  been  formed  later  than  both  the  rock  and 
the  fracture,  either  by  filling  of  open  spaces  in  the  fracture  zone  or 
by  chemical  alteration  of  the  fractured  rock. 

Pipes  or  chimneys  are  formed  where  the  structural  control  guides 
the  mineralization  along  channels  of  marked  vortical  continuity,  but  of 
relatively  small  horizontal  dimensions..  Fault  intersections  are  typical. 

Branching  veins  may  extend  from  the  main  vein  either  into  the  hanging 
wall  or  the  footwall .  The  mining  of  such  deposits  in  the  wrong  sequence 
may  result  in  a  high  concentration  of  stresses  in  pillars  near  the  inter¬ 
sections  of  vein  branches. 

Con  jugate  joint  systems  are  often  mineralized  to  form  vein  systems. 
Joint  patterns  such  as  these  are  believed  U>  be  the  result  of  compressive 
stresses  which  were  relieved  by  joint  formation  rather  than  the  formation 
of  single  fissure.. 

It  will  be  noted  that  all.  types  of  veins  are  formed  along  existing 
planes  of  weakness  in  the  rock  mass.  Whore  a  fissure  has  been  completely 
healed  by  subsequent  mineralization,  the  resulting  vein  is  often  likely 
to  be  less  resistant  than  the  enclosing  rock.  Consequently,  post-mineral 
movement  may  find  stress  relief  through  fracturing  or  crushing  of  the 
vein  material.  Thus,  the  type  of  mineralization  and  its  tendency  to 
strengthen  or  weaken  an  existing  rock  structure  is  of  ultimaLo  importance 
in  determining  the  manner  in  which  subsequent  rock  stresses  in  the  vicin¬ 
ity  of  the  original  fracture  will  be  relieved  by  further  movement  or 
fracturing.  In  the  event  that  a  vein  complex  is  formed  by  strong, 
coherent  minerals,  it  would  be  reasonable  to  expect  the  wall  rock  to 
relieve  or  absorb  some  of  the  unbalanced  post -mineral  stresses.  Simi¬ 
lar  fault  movement  and  fracturing  to  that  which  has  been  observed  in 
mines  is  also  found  in  non-mineral fzod  rocks  in  which  underground  instal¬ 
lations  might  be  established 

Massive  Deposits.  The  massive  disseminated  copper  ore  bodies  of. 
the  western  states  are  typical  of  this  type  of  deposit,  although  other 
structural  classes  are  mined  by  tile  same  methods.  Those  which  have  enough 
overburden  or  capping  to  prohibit  mining  by  open  pit  methods  are  usually 
mined  by  block  caving.  The  porphyry  coppers  arc  usually  massive,  flat- 
lying  and  relatively  regular  in  outline  They  are  Low-grade  but  their 
reserves  are  measured  in  millions  of  tons.  The  concentration  of  valuable 
minerals  has  been  due  to  secondary  enrichment,  which  in  turn  generally 
means  a  weak,  leached  capping.  Other  massive  deposits  arc  the  molybdenum 
ore  bodies  at  Climax,  Colorado,  the  Sunrise  iron  mine  in  Wyoming,  and 
asbestos  mines  in  Canada. 
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In  each  of  the  above  categories,  the  mineral  deposit  takes  the 
general  form  of  the  host  rock  or  structure,  as  the  case  may  he,  thus 
controlling  the  size  and  shape  of  the  deposit  as  well  as  its  attitude* 
location,  strike,  and  dip.  As  will  be  seen  later,  each  of  these  items 
has  its  own  particular  effect  upon  mining  operations,  some  more  impor¬ 
tant  than  others,  with  the  importance  of  each  varying  from  mine  to  mine. 


Mining  Methods,  Geology  and  Rock  Stability 


The  history  of  the  development  of  underground  openings  in  mining 
and  other  types  of  underground  excavations,  such  as  tunnels,  serves  as 
one  of  the  most  reliable  current  (1961)  guides  in  the  appraisal  of  rock 
structure  stability.  Hence,  a  brief  review  of  the  engineering  principles 
and  methods  employed  in  the  mining  of  deposits  and  excavation  of  other 
openings  in  various  rock  masses  encountered  will  aid  materially  in 
establishing  the  current  status  of  applied  rock  mechanics. 

Although  mine  openings  which  are  left  with  natural  pillars  are 
often  classed  as  belonging  to  supported  stoping  methods,  the  geology 
and  general  stability  of  rock  masses  in  which  room  and  pillar  methods 
of  mining  are  adaptable  are  the  types  which  may  be  most  desirable,  In 
general,  for  construction  of  underground  installations.  There  are 
some  exceptions  to  this  general  rule,  but  usually  the  geology  of 
deposits  mined  by  this  method  is  simple.  The  faulting,  jointing,  and 
other  weakening  processes  are  little  in  evidence  or  are  lacking  entirely. 
The  complexity  of  geologic  structure  usually  Increases  with  the  increase 
in  complexity  of  mining  methods.  The  description  of  mining  methods  and 
geologic  factors  governing  the  choice  of  mining  methods  and  the  case 
histories  which  follow  and  are  given  In  Appendix  III  will  be  discussed 
in  the  following  order:  (1)  open  stopes  with  pillars,  (2)  sublevel 
stoping,  (3)  shrinkage  stoping,  (4)  cut-and-fill  stoping,  (5)  square- 
set  stoping,  (6)  top  slicing  and  sublevel  caving,  and  (7)  block  caving. 
The  essential  details  of  these  methods  as  related  to  rock  stability  are 
outlined  to  serve  as  a  basis  for  a  more  thorough  understanding  of  the 
many  qualitative  and  l'ew  quantitative  aspects  of  geologic  structure  as 
they  are  related  to  mining  methods  in  current  engineering  practice. 
Detailed  examples  of  geologic  case  histories  are  given  in  Appendix  111-A. 
Summaries  of  geologic  factors  for  several  representative  mines  are  item¬ 
ized  in  tables  accompanying  the  description  of  each  method. 


Open  Stopes  with  Pillars. 

These  methods  are  applicable  in  general  to  geologic  conditions  which 
arc  desirable  for  protective  construction.  Little  or  no  artificial  sup¬ 
port  Is  required,  and  the  walls  and  roof  are  self-supporting.  Small  ore 
bodies  may  be  mined  from  wall  to  wall  without  any  pillars  being  left. 
Where  ore  bodies  are  larger  pillars  of  ore  are  left  to  keep  the  roof 
span  to  a  safe  dimension.  Pillars  may  be  regularly  or  randomly  spaced 
(Figures  3.2  and  33),  and  the  method  may  be  applied  to  either  horizon¬ 
tal  or  inclined  deposits.  It  finds  its  greatest  application  in  flat- 
lying,  bedded  type  deposits. 
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This  method  of  mining  is  commonly  employed  in  the  extraction  of 
bedded  type  deposits  such  as  bituminous  coal,  limestone,  phosphate,  and 
deposits  of  similar  geologic  character.  In  non-matallic  mines  particu¬ 
larly,  a  regular  system  of  room  and  pillars  is  often  employed  and  approx¬ 
imately  50  percent  of  the  valuable  mineral  is  mined,  the  other  50  per¬ 
cent  being  left  i-n  pillars  for  support.  In  other  mines,  such  as  the 
lead  mines  in  southeast  Missouri,  casual  pillars  are  left  to  support 
the  roof  as  required  by  local  geology. 

While  pillar  support  may  also  be  used  in  steeply  inclined  deposits 
only  deposits  of  a  flat  line  character  will  be  considered  here. 

The  method  of  development,  and  mining  of  a  characteristic  flat  lying 
deposit  is  illustrated  in  Figure  3.3.  One  or  more  development  openings 
are  driven  in  a  selected  direction  and  rooms  are  excavated  usually  at  90° 
to  the  development  openings.  However,  the  pattern  of  layout  of  rooms  in 
development  openings  may  vary  considerably.  Pillar  heights  vary  from  a 
few  feet  in  the  case  of  many  coal  mines  to  as  high  as  200  feet  in  certain 
lead  mines. 

Methods  of  excavating  development  openings  and  rooms  are  quite  vari¬ 
able.  The  principle  concern  in  excavation  processes  in  relation  to  sta¬ 
bility  is  usually  care  in  blasting.  That  is,  holes  should  be  placed  in 
a  proper  manner  and  only  an  optimum  amount  of  explosives  used  so  that  a 
minimum  of  overbreak  or  fracturing  beyond  the  desired  surface  is  caused. 

The  mine  structures  of  example  mines  (Table  3.1)  are  representa¬ 
tive  of  the  application  of  room  and  pillar  type  of  mining  to  bedded 
deposits.  These  deposits  are  notable  for  their  simplicity  of  structure, 
lack  of  faulting,  both  pro-mineral  and  post-mineral,  lack  of  alteration, 
and  for  the  competency  of  the  beds  and  the  strength  of  the  overall  geo¬ 
logic  structure.  In  spite  of  the  fact  that  dimensions  of  the  deposits 
arc  variable,  the  method  has  uniform  application  throughout  the  deposits 
as  long  as  the  ore  and  rock  are  strong  enough  to  support  large  openings. 
The  placing  of  pillars  is  governed  almost  entirely  by  the  presence  of 
faults,  fractures  of  weak  beds.  Where  these  planes  of  weakness  do  not 
occur,  the  pillars  may  be  spaced  regularly. 

It  is  also  noteworthy  that  many  of  these  deposits  occur  in  sedi¬ 
mentary  rocks  or  in  sedimentary  rocks  which  have  been  metamorphosed. 

In  the  case  of  the  deposits  in  the  Tri-State  District,  the  rock  was 
strengthened  considerably  by  the  addition  of  silica  which  converted  thp 
limestone  to  chert  and  flint.  In  most  cases  the  bedding  planes,  although 
inherent  weaknesses  of  sedimentary  rocks,  do  not  cause  problems  of  sup¬ 
port  unless  they  are  accompanied  by  faults  and  fractures. 

Wherever  it  is  encountered,  shale  almost  invariably  causes  the 
mine  openings  to  require  timber.  If  water  is  present,  the  shale  becomes 
muddy  with  the  consistency  of  soft  clay.  If  it  is  dried  out  by  air  it 
tends  to  slough  and  spall.  Water  courses  are  also  a  consistent  source  of 
trouble.  Even  if  they  are  dry  they  represent  planes  of  weakness.  If 
they  are  active,  they  create  pumping  problems. 
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Sublevel  Stop ins 


Sublevel  st oping  is  best  adapted  to  steeply  inclined  deposits  which 
have  strong  ore  and  strong  walls.  The  ore  is  usually  blocked  out  by  two 
horizontal  drifts  separated  vertically  by  100  to  200  feet  and  raises 
between  the  two  horizontal  drifts,  the  latter  separated  by  comparable 
distances.  (Figure  3.4).  An  inspection  of  the  accompanying  sketch  will 
show  why  the  ore  must  be  strong  as  well  as  the  wall  of  the  stope  after 
the  ore  is  excavated.  The  ore  in  place  must  serve  as  a  footing  for  men 
who  are  mining  the  same  and  must  be  sufficiently  strong  to  support  the 
sublevel  drifts  which  are  driven  at  intermediate  intervals  between  the 
two  main  haulage  levels.  Although  moderately  weak  ore  may  be  worked  by 
sublevel  stoping  if  the  working  faces  are  kept  in  the  same  vertical  plane 
throughout  the  vertical  extent  of  the  stope,  this  is  not  usually  a  safe 
practice.  Vertical  pillars  may  be  left  between  stopes  on  the  same  level, 
and  horizontal  ones  to  support  the  main  haulage  levels.  After  the  main 
blocks  of  ore  have  been  completely  mined  it  is  often  a  practice  to  rob 
the  pillars,  and  the  walls  of  the  stope  may  collapse  after  the  pillars 
have  been  robbed.  In  some  mines  large  stopes  created  by  the  sublevel 
method  of  stoping  have  remained  open  for  very  extended  periods  of  time. 

The  stress  distribution  around  inclined  openings  in  homogeneous 
rock  has  been  studied  by  photoelastic  methods  and  results  of  these  stu¬ 
dies  are  given  later  in  this  report.  The  sublevel  method  is  used  to 
mine  both  shallow  and  deep  deposits  and  deposits  of  a  wide  variety  of 
dimensions.  It  is  applicable  to  deposits  of  small  dimensions  which  are 
relatively  weak,  hut  the  method  would  not  be  applicable  to  deposits  with 
the  same  ore  and  wall  strength  if  the  dimensions  were  larger  and  con¬ 
sequently  required  larger  roof  spans  or  larger  openings  in  general. 

The  employment  of  the  sublevel  method  of  stoping  requires,  among 
other  characteristics,  strong  ore  which  will  both  serve  as  a  strong 
roof  and  offer  safe  footing  for  men  and  equipment  on  benches  which  have 
been  undercut  by  mining.  (See  Table  3.2).  Massive  sulphide  ore  which 
has  not  been  subjected  to  fracturing  or  alteration  processes  such  as 
oxidation  is  almost  ideal  for  this  type  of  mining.  The  sulphide  miner¬ 
als  seem  to  have  a  capacity  for  filling  small  fractures  as  well  as  large 
ones,  providing  a  mineral  complex,  even  in  complete  replacement  processes, 
which  Is  very  competent  and  strong.  The  healed  fractures  vary  from  those 
of  microscopic  size  to  faults  and  even  cavities  of  fairly  large  dimensions. 

Strong  walls  are  found  in  rocks  of  all  three  genetic  types.  Fine¬ 
grained  rocks  are  very  competent,  even  when  slightly  fractured.  In  all 
of  the  examples  given,  there  is  a  lack  of  extensive  post  mineral  faulting, 
fracturing,  and  alteration  processes  which  tend  to  weaken  the  rock  struc¬ 
ture  . 


i : 
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The  large  size  of  the  ore  deposits  is  a  desirable  feature,  as  in 
the  case  of  the  Lower  H  ore  body  is  the  Horne  mine,  which  is  massive  and 
irregular  in  outline,  and  the  walls  of  the  stope  are  constituted  of  mas¬ 
sive  sulphide  ore  itself.  In  this  deposit,  the  sil icif ication  of  the 
rhyolite  breccias  has  played  an  important  part  in  strengthening  the 
enclosing  rock  structure  which  was  fractured  by  pre-mineral  stresses. 


y  parallel 
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Shrinkage  Sloping 

The  characteristic  feature  of  shrinkage  sloping  is  that  broken  ore 
is  left  in  the  stope  to  support  the  walls  while  the  remainder  of  the 
stope  is  mined.  The  broken  ore  also  serves  as  a  floor  on  which  the  miners 
may  stand  while  mining  the  ore  above  them.  A  block  of  ore  is  developed 
in  a  manner  similar  to  that  employed  for  sublevel  stopinp  in  the  prelim¬ 
inary  stages.  No  sublevels  are  driven,  however,  and  the  ore  is  mined  from 
the  bottom  upward.  (Figure  3.5).  Because  the  ore  expands  when  it  is 
broken,  about  35  percent  of  it  must  be  drawn  off  at  the  bottom  during 
the  mining  process.  After  a  stope  is  completed  the  ore  is  drawn  out  and 
the  space  is  left  open.  If  pillars  are  left  at  the  ends  of  the  stope 
or  the  top  or  bottom  they  are  often  robbed  when  that  part  of  the  mine 
is  to  be  abandoned. 

Since  the  ore  must  stand  by  itself  during  the  whole  process  of 
mining,  over  the  width  and  length  of  the.  stope  it  must  be  strong.  The 
walls  may  l>o  somewhat  fractured  but  may  not  be  excessively  weak  because 
they  will  then  slough  off  as  the  ore  is  withdrawn,  and  the  ore  will  be 
diluted.  Hence,  in  deposits  which  are  mineable  by  the  shrinkage  methods, 
the  overall  structure  is  one  degree  weaker  geologically  chan  the  struc¬ 
tures  to  which  sublevel  stoping  is  applicable.  In  the  latter  both  the 
ore  and  walls  must  be  strong  while  in  shrinkage  stoping  the  walls  may 
be  somewhat  weaker. 

Shrinkage  stoping  is  classified  by  some  as  an  open  stope  method  of 
mining,  and  by  others  as  a  supported  stope  method.  Each  classification 
is  probably  justified  because  the  back  of  the  stope,  which  is  usually  ore, 
is  unsupported  during  the  process  of  mining,  while  the  walls  are  supported 
by  broken  ore  whether  they  need  support  or  not.  Deposits  mined  by  this 
method  are,  then,  more  or  less  on  the  border-line  between  those  which 
require  support  during  mining  and  those  which  do  not.  In  terms  of  strength 
of  ore  and  walls,  it  means  that  the  ore:  should  bo  strong  In  any  case, 
while  the  walls  may  bo  weaker  than  the  walls  of  deposits  mined  by  sub- 
level  stoping. 

A  comparison  of  Table  3.2  and  Table  3.3  shows  that  there  has  been 
little,  if  any,  significant  alteration  of  the  ore  or  rock  in  either  type 
of  mining.  But  there  is  more  evidence  of  dynamic  movement  of  the  rock 
in  the  deposits  mined  by  shrinkage  stoping,  especially  post-mineral 
faulting. 

In  some  eases,  as  at  the  Hollinger  and  Wright  Hargreaves  mines,  the 
size  of  the  veins  was  the  determining  factor,  only  narrow  veins  being 
mined  by  this  method.  At  the  United  Verde  mine  a  massive  sulphide  body, 
non-oro,  serves  as  Lhe  host  rock  for  the  ore  deposits.  Unless  disturbed 
by  faulting  and  t  rat:  tor  ing  it  is  very  competent  as  are  similar  bodies 
(ore)  at  the  Tennessee  Copper  Company  (sublevel  stoping). 

As  in  the  case  of  the  other  methods  of  mining  studies,  almost  any 
of  the  genetic  types  of  rock  may  prove  structurally  strong  if  they  are 
lresh  and  unfractured. 


Figure  3.5.  Diagrammatic  sketch  illustrating  principle 
shrinkage  s  toping  moth  oil. 


shrinkage  st  oping  teMac  varies 
in  strength,  -  re*  dew  support:. 
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Cut-and-Flll  Storing 

The  development  work,  that  is,  drifts  and  raises  driven  preliminary 
to  actual  mining  by  cut-and-fill  stoping,  proceeds  in  principle  in  much 
the  same  manner  as  that  for  sublevel  stoping  and  shrinkage  stoping.  The 
cut-and-fill  method,  as  the  name  implies,  employs  a  sequence  in  which 
the  ore  is  removed  in  a  series  of  parallel  slices  and  as  each  slice  is 
removed  a  layer  of  waste  fill  is  placed  in  the  stope  leaving  sufficient 
working  headroom  in  which  to  drill  the  ore.  The  applicability  of  this 
method  is  much  the  same  as  that  of  shrinkage  stoping.  The  ore  must  be 
strong  since  the  miners  work  under  an  overhanging  back  of  ore.  The  walls 
may  be  weaker  since  they  are  supported  almost  immediately  by  filling. 

Fill  may  be  broken  rock  from  other  parts  of  the  mine,  or  more  recent 
developments  have  utilized  hydraulic  filling  by  means  of  pumping  of  slur¬ 
ries  through  pipe  lines  into  the  stopes  and  draining  the  water  off.  The 
latter  method  creates  a  more  satisfactory  fill  usually  than  a  fill  com¬ 
posed  of  large  fragments  of  broken  material  because  the  latter  settles 
more.  The  walls  can  bo  weaker  than  those  which  would  be  found  in  shrink¬ 
age  stopes,  and  the  ore  may  be  of  such  a  type  that  dilution  cannot  be. 
allowed.  Also,  If  the  ore  is  of  such  a  character  that  it  might  oxidize 
readily  and  cause  difficulty  in  later  concentration  processes  shrinkage 
stoping  cannot  be  employed.  Cut-and-fiLl  method  of  mining  is  illustra¬ 
ted  in  Figure  3.6.  Its  applicability  in  addition  to  the  above  factors 
is  greatest  in  steeply  inclined  deposits  where  ore  may  he  removed  by 
gravity  after  it  is  blasted  and  the  stopes  may  also  be  filled  by  gravity 
from  above.  The  overall  structure  in  deposits  commonly  mined  by  this 
method  is  usually  quite  weak.  However,  mining  methods  demand  that  min¬ 
imum  subsidence  occur  adjacent  to  the  ore  body  and  hence  immediate  filling 
usually  will  give  a  reasonably  strong  support  and  maintain  a  stable  over¬ 
all  structure  to  the  mine  locale. 

Cut-and-fill  stoping  (Tabic  3.4)  is  employed  successfully  in  those 
deposits  which  display  a  degree  of  structural  weakness  just  one  step  far¬ 
ther  removed  from  those  which  are  fairly  strong  and  may  be  mined  by  shrink¬ 
age  methods.  It  is  common  to  find  both  of  these  methods  of  mining  used 
in  the  same  mine  to  extract  the  ore  from  different  sections  of  the  same 
deposit,  as  well  as  to  find  that  many  mines  use  three  methods  oT  mining 
in  the  same  deposit,  i.e,,  square-set  stoping  in  addition  to  the  two  noted 
above . 

Cut-and-fill  stoping  requires  relatively  strong  ore  which  will  require 
no  support  during  stoping  operations.  It  is  used  to  advantage  where  the 
ore  is  strong  but  the  walls  are  so  weak  that  shrinkage  methods  cannot:  be 
used  or  dilution  of  ore  results. 

This  method  is  essentially  a  selective  method  of  mining,  and  conse¬ 
quently  can  be  used  in  irregular  deposits.  It  also  will  permit  some 
storing  in  scopes. 

The  geological  reasons  for  use  of  cut-and-fill  are  summarized  as 
follows: 

1.  Weakening  of  rock  structure  by  pre-mineral  faulting. 


quart* tee  at  porphyry  wall® 
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2.  Weakening  of  rock  structure  by  post-mineral  faulting. 

3.  Further  weakening  of  rock  by  hydrothermal  and  hydro -me tamorphlc 
processes . 

4.  Lack  of  sil icification  in  certain  areas  of  a  deposit. 

3.  Lack  of  other  types  of  "healing"  mineralization, 

6.  Irregularity  of  outline  of  deposit,  which  requires  a  selective 
method  of  mining. 

7.  Irregularity  of  grade  or  lack  of  uniformity  of  grade  of  ore, 
which  also  requires  a  selective  method. 

8.  Ore  oxidizes  rapidly,  preventing  use  of  shrinkage  stoping  which 
"stores"  ore  in  stopes  for  long  periods  of  time.  This  is  true 
for  ore  which  is  to  be  treated  by  flotation. 


Square -Set  Stoping 

This  method  is  most  applicable  in  mining  deposits  in  which  the  ore 
is  structurally  weak.  Also  the  surrounding  rock  may  be  fractured,  faulted, 
and  altered  to  such  an  extent  that  it  also  is  very  weak.  The  geometry  of 
the  deposit  may  be  such,  and  the  value  of  the  ore  of  sufficient  magnitude 
that  caving  methods  may  not  be  employed.  The  method  Is  very  flexible  in 
that  sets  can  be  extended  in  any  direction  or  can  be  terminated  as  irregu¬ 
larities  in  the  shape  of  the  ore  body  are  encountered.  Development  takes 
place  in  much  the  same  manner  as  that  in  the  methods  previously  described. 
In  stoping  one  small  block  of  ore  is  removed  sufficiently  large  to  allow 
replacement  of  a  set  of  timber,  which  is  immediately  set  in  place.  (Figure 
3.7),  The  primary  function  of  the  square  sets  is  to  furnish  only  tempo¬ 
rary  support  for  loose  fragments  of  rock  and  to  offer  a  passageway  to  the 
working  face.  Permanent  support  for  the  stope  walls  is  supplied  by  fill¬ 
ing  the  sets  with  broken  waste  rock.  This  is  placed  as  scon  as  possible 
after  a  tier  of  sets  is  worked  out,  especially  if  the  ground  is  heavy. 

In  many  geological  settings  in  which  a  square  set  method  of  mining 
is  employed  the  ore  and  rock  structure  actually  approach  being  unconsoli¬ 
dated  materials.  As  will  be  noted  in  the  examples  given  below  the  insta¬ 
bility  is  caused  by  faulting,  fracturing,  and  folding,  and  destructive 
alteration  which  accompanies  mineralizing  processes. 

The  factors  affecting  the  use  of  square-sets  are  as  follows: 

1.  Grade  of  ore  -  the  ore  must  be  high  enough  iri  grade  to  pay  for 
the  use  of  the  Large  amount  of  timber  required. 

2.  Physical  character  of  ore  and  rocks  -  in  nearly  all  of  the  mines 
using  this  method,  the  enclosing  rocks  are  broken  and  altered. 
Structurally  weak  ore  and  rocks  usually  go  together,  although 
this  is  not  always  tile  case. 
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3.  Size,  shape,  and  dip  of  deposit  -  the  method  is  very  flexible 
and  can  be  used  in  almost  any  size  of  deposit  regardless  of  its 
shape  and  dip. 

4,  Effect  of  ground  movement  -  may  be  some  settling  in  the  fill, 
and  there  is  squeezing  and  subsidence  of  eountry  rock. 

The  square-set  method  is  the  one  which  is  employed  when  all  other 
methods,  exclusive  of  caving  methods  are  not  applicable  because  of  sup¬ 
port  problems  involved  or  the  need  for  selective  mining.  (Table  3.5). 


Top  Slicing  and  Sublevel  Caving 

The  top  slicing  and  sublevel  caving  methods  of  mining  are  similar 
in  development  and  in  many  aspects  of  ore  removal. 

In  the  top  slicing  method  the  ore  is  removed  in  a  series  of  hori¬ 
zontal  slices  beginning  at  the  top  of  the  orebody  immediately  beneath 
the  capping.  The  latter  is  allowed  to  cave  after  each  slice  of  ore  is 
mined.  As  each  horizontal  section  of  ore  is  removed  the  ground  above 
Is  temporarily  supported  by  timber.  (Figure  3.8). 

The  most  suitable  type  of  deposit  for  mining  by  top  slicing  is  ore 
o£  large  horizontal  extent  in  which  the  ore  is  too  weak  to  stand  without 
support  except  over  a  short  span.  The  most  vital  requirement  is  a  weak 
capping  which  will  cave  when  it  is  undermined. 

Development  for  top  slicing  consists  of  driving  a  series  of  drifts 
and  crosscuts  at  some  distance  below  the  mining  level  and  then  raising 
to  the  top  of  the  ore  for  mining. 

Sublevel  caving  is  very  similar  to  top  slicing.  The  general  plan 
of  operations  is  to  mine  every  other  slice,  permitting  the  weight  of 
the  capping  to  assist  in  mining  of  the  ore.  The  capping  should  be  some¬ 
what  stronger  than  that  in  which  top  slicing  is  applicable. 

For  both  top  slicing  and  sublevel  methods  of  mining,  the  most  nec¬ 
essary  requirement  of  the  structure  is  a  weak  capping  that  will  cave 
when  it.  is  undermined.  This  feature  is  found  in  the  given  examples  and 
is  due  either  to  the  presence  of  weak  members  in  the  overlying  forma¬ 
tion  or  to  the  presence  of  planes  of  weakness.  (Table  3.6).  In  either 
case  the  caving  formations  should  not  "key"  and  arch  to  such  an  extent 
that  sudden  collapses  will  create  dangerous  mining  conditions.  Top 
slicing  is  more  readily  adaptable  to  deposits  of  large  horizontal  extent, 
while  sublevel  caving  can  be  employed  to  mine  deposits  which  are  more 
irregular  in  outline.  In  both  cases  the  ore  should  be  moderately  weak, 
but  strong  enough  to  stand  temporarily.  This  characteristic  may  be  due 
to  the  inherent  character  of  the  mineral  complex  Itself  or  due  to  alter¬ 
ation  and  fractures. 
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Blaek  Caving. 


Block  caving  is  roost  applicable  to  large  orebodies  which  have  a 
capping  which  may  be  caved.  Development  consists  of  driving  a  series 
of  evenly  spaced  crosscuts  below  the  bottom  of  the  ore,  from  which  main, 
branch,  and  finger  raises  are  driven  up  to  the  ore.  The  ore  is  then  under¬ 
cut  and  the  weight  of  the  ore  plus  the  capping  is  employed  to  force  the 
ore  to  crush,  run  down  through  the  raises  and  thus  mine  itself.  The  most 
ideal  conditions  for  bLock  caving  are  found  in  the  porphyry  copper  depo¬ 
sits  where  both  the  ore  and  capping  are  weak.  However,  large  deposits 
of  relatively  strong  ore  with  strong  capping  are  also  mined  by  block 
caving.  In  this  case  it  may  be  necessary  to  completely  undercut  a  sec¬ 
tion  of  the  ore  and  isolate  it  on  one  or  more  sides  with  shrinkage  stopes. 
(Figure  3.9). 

Use  of  block  caving  resulted  from  a  gradual  development  of  methods 
wherein  the  pillars  left  in  rooms  were  mined  in  Lake  Superior  iron  mines. 
The  mechanics  of  block  caving  involve  first,  the  weakening  of  a  mass  of 
rock  by  undercutting,  second,  further  breakage  of  the  ore  just  above  the 
draw  points,  usually  by  blasting,  and  finally  crushing  of  the  ore  by  the 
mass  of  overlying  material  so  that  it  may  be  drawn  off  through  "finger" 
raises.  The  results  of  the  process  are  the  production  of  a  large  mass 
of  unconsolidated  material  above  the  draw  points  and  a  more  competent 
mass  below  this  elevation  to  the  haulage  level.  The  strength  and  sta¬ 
bility  of  the  lower  mass  is  often  affected  by  the  movement  of  the  upper. 

The  creation  of  such  large  unconsolidated  masses  of  rock  has  been  pro¬ 
posed  by  some  as  a  means  of  providing  protection  for  underground  instal¬ 
lations.  The  presence  of  a  blanket  of  unconsolidated  material  is  suggested 
as  a  means  of  damping  shock  or  stress  waves  from  large  scale  explosions 
at  or  near  the  surface. 

The  work  of  King  at  the  Climax  Molybdenum  mine  is  one  of  the  few 
published  attempts  to  evaluate  the  strength  of  block  caving  mine  rock  in 
a  quasi-quantitat ive  manner  (Table  3.7).  The  strength  of  the  rock  and 
the  ore  are  defined  in  terms  of  the  spacing  of  fractures,  type  of  min¬ 
eralization  in  the  fractures,  silicification,  and  alteration  of  the  con¬ 
stituent.  minerals.  The  original  composition  of  the  rock  and  the  type 
of  alteration  are  also  important.  Silicification  and  kaolinization 
almost  universally  indicate  weak  rock  structure.  Strength  and  composi¬ 
tion  of  mineralizing  solutions,  pre-mineral  and  post-mineral  faulting, 
composition  of  the  local  rocks  all  contribute  to  strengthening  or  weaken¬ 
ing  the  rock  structure  as  the  case  may  be. 

At  Climax  (Appendix  ill)  the  rock  formations  are  strong  as  compared 
with  those  of  other  block  caving  mines.  However,  the  relative  positions 
of  the  four  classes  ol  rock,  plus  the  fact  that  the  ore  is  not  very  strong, 
make  the  deposit  adaptable  to  block  caving  methods. 

In  the  "porphyry  coppers"  the  alteration  and  mineralization  processes 
arc  of  such  a  nature  that  they  create  favorable  conditions  for  block 
caving  methods,  both,  in  the  ore  and  the  capping  rocks.  Close  fracturing 
is  a  universal  characteristic  in  this  type  of  deposit  and  also  in  the 
asbestos,  iron,  and  limestone  mines  utilizing  this  method. 
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Summary  and  Conclusions 

Numerous  basic  facts  concerning  geological  data  and  their  relation 
to  mining  methods  particularly  with  reference  to  stability  and  support 
requirements  have  been  described  in  the  foregoing  pages,  and  the  most 
important  may  be  summarized  under  three  general  headings; 

1.  Planes  of  Weakness; 


a.  Open  stopes  with  pillars  are  generally  used  in  deposits  which 
are  notable  for  their  simplicity  of  structure,  lack  of  faulting,  and 
alteration,  and  for  competency  of  rock  and  ore.  Bedding  planes  may  or 
may  not  be  important  causes  of  rock  failure  or  weakness,  depending  upon 
the  nature  of  partings  and  type  of  rock. 

b.  Complexity  of  structure  may  or  may  not  contribute  to  critical 
weakening  of  ore  and  rocks,  depending  upon  the  nature  of  contacts  and 
component  members  of  the  geologic  mass. 

c.  Rock  weakness  may  be  caused  by  either  pre-ore  or  post-ore 
faulting,  the  latter  being  the  more  common  cause.  Even  slight  post¬ 
mineral  movement  may  cause  failure  in  a  brittle  ore  complex.  Joints, 
faults,  contacts,  bedding  planes,  etc.,  relieve  stresses  which  would 
otherwise  be  built  up  in  the  rock.  Pre-ore  fractures  are  often  healed 
by  mineralization  but  also  serve  as  loci  of  alteration  and  further 
weakening . 

d.  Schistosity,  particularly  in  relatively  fine-grained  rocks,  does 
not  seem  to  be  a  serious  source  of  planes  of  weakness  in  rocks. 

e.  Contacts  between  ore  and  wall  rocks  often  form  important  planes 
of  weakness. 

f.  Intersections  of  shear  zones  may  cause  prominent  irregularities 
which  create  mining  problems. 

g.  Internal  gouge  slips  in  thp  ore  .affect  its  strength,  the  sta¬ 
bility  of  rock  and  ore,  and  consequently  the  method  of  mining. 


2 .  Effects  of  Mineralization  and  Alteration: 


a.  The  conversion  of  limestone  to  chert  and  flint  in  the  Tri-State 
district  strengthened  the  rocks.  The  strengthening  effect  of  silicifi- 
cation  apparently  may  more  than  offset  the  weakening  effects  of  serici- 
tization.  A  high  silica  content  of  the  original  rocks  is  often  essential 
to  silicif ication. 

b.  At  both  the  Horne  mine,  Norwanda,  Quebec,  and  at  Ducktown,  Ten¬ 
nessee,  the  massive  sulphide  ores  are  very  strong.  Microscopic  studies 
of  sulphide  ore  show  that  even  very  small  cracks  are  healed  by  mineral¬ 
ization,  which  contributes  materially  to  the  strength  of  the  ore. 
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o,  Silicif ication  and  mineralization  of  rhyolite  breccias  has 
strengthened  them  sufficiently  so  that  they  will  support  themselves  in 
large  openings . 

d.  Variation  in  the  type  of  wall  rock,  or  in  the  degree  of  fault* 
ing  or  alteration  may  alter  support  requirements  and  thus  permit  the  use 
of  different  types  of  mining  in  the  same  deposit. 

e.  Where  the  mineralization  has  tended  to  follow  joint  planes  and 
fractures  into  the  walls  of  replacement  veins,  close  wall  support  is 
necessary  for  complete  extraction  and  clean  mining. 


3 .  Other  Characteristics: 


a.  Strong  rocks  are  found  among  igneous,  sedimentary,  and  meta- 
morphic  types.  Shale  is  almost  universally  weak. 

b.  A  study  of  the  history  of  the  Hollinger  deposit  shows  that  a 
majority  of  the  geologic  events  had  an  important  effect  upon  the  final 
structural  strength  of  the  ore  and  rock. 

c.  At  the  United  Verde  mine  the  rocks  are  strong  to  weak  in  the 
following  order:  massive,  sulphide  (non-ore),  porphyry,  and  schist.  At 
the  Frood  mine,  Sudbury,  Ontario,  the  rhyolite  is  brittle,  well  jointed 
and  has  a  high  rock  burst  potential.  Quartzite  and  cemented  breccia 
are  reasonably  firm,  and  gabbro  and  greenstone  (fine  to  med ium- grained) 
are  firm  except  where  loosened  along  joints.  At  the  Creighton  mine 

the  rocks  are  strong  to  relatively  weak  in  the  order  named:  norite, 
gabbro,  and  granite.  Rockbursts  are  more  common  in  the  granite. 

d.  Alteration  of  rocks  in  the  Butte  area  was  influenced  by  (1) 
temperature  of  the  solutions,  (2)  their  chemical  composition,  and  (3) 
their  concentration.  Degree  of  alteration  is  apparently  not  entirely 
dependent  upon  the  degree  of  crushing  or  fracturing  of  the  rock. 

e.  In  certain  cases  slates  and  graphitic  rocks  may  act  as  lubricants 
along  slip  planes  and  facilitate  adjustments  of  rock  pressures  and 
stresses , 

f.  Hard,  brittle  rocks  are  more  susceptible  to  bursting  than  soft, 
weak  ones  . 

g.  At  the  Untie  Standard  nine,  the  choice  of  mining  method  (square- 
set)  was  controlled  by:  (1)  size  of  ore  body,  (2)  post-mineral  crush¬ 
ing  and  fracturing,  (3)  degree  of  alteration  of  ore  and  country  rock, 

(4)  sequence  of  interbedded  limestones  and  shales  in  geologic  column, 

(5)  slumping  of  ground  over  replacement  deposit,  (6)  lack  of  sufficient 
silicification  to  strengthen  structure,  and  (7)  inherent  weakness  of  ores 
themselves . 

h.  The  factors  influencing  the  incidence  and  severity  of  rock- 
bursts  are:  (1)  depth  of  workings,  (2)  structural  features  of  ore  and 
enclosing  rocks,  (3)  dip  of  ore  body,  (4)  concentration  of  mining  oper¬ 
ations,  and  (5)  rate  of  mining. 
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i.  In  deposits  employing  caving  methods  a  weak  capping  is  an  impor¬ 
tant  requisite.  Weakness  is  generally  due  to  fracturing,  alteration, 
leaching,  or  to  the  presence  of  inherently  weak  rocks. 

a 

j.  Drying  of  mine  rock  by  pumping  or  ventilation  often  causes 
certain  uypes  of  rocks  to  slack3  slough  or  crumble. 

Of  all  of  the  causes  of  weak  mine  rock  structures,  post -mineral 
faulting  and  "destructive"  alteration  are  the  most  important.  Pre¬ 
mineral  faulting  has  resulted  in  the  weakening  of  rocks  and  ores,  but 
to  a  lesser  degree  than  the  first  two  causes,  usually  because  many 
mineralization  processes  tended  to  heal  the  fractures  caused  by  previous 
dynamic  movement.  Alteration  resulting  in  formation  of  sericite  or 
kaolin  is  invariably  "destructive". 

Both  silicification  and  certain  types  of  mineralization  have  a 
strengthening  effect  upon  rock  structures.  They  may  come  about  as  a 
result  of  either  primary  or  secondary  processes. 

There  appears  to  be  no  direct  correlation  between  genetic  rock 
types  and  their  tendency  toward  being  strong  or  weak.  Their  strength 
is  a  function  not  only  of  the  physical  properties  of  the  rocks  themselves, 
but  of  their  environment  and  geologic  history. 

If  a  scale  of  comparative  indices  is  set  up  for  the  four  factors 
in  the  table  below.,  an  interesting  comparison  can  be  drawn.  Let  the 
numbers  from  0  to  4  represent  increasing  degrees  of  intensity  as  fol¬ 
lows: 


ROCK  STABILITY  INTENSITY  FACTORS  FOR  NON-CAVING  METHODS 


Stoping  Method 

Pre-mineral 
faulting,  etc. 

Post-mineral 
faulting,  etc,. 

Rock 

alteration 

Silicification  or 
Strenghtening  min. 

Open  Stopes 

0-2 

0-1 

0-1 

0-3 

Sublevel 

0-3 

0-1 

0-1 

0-4 

Shrinkage 

1-3 

0-  , 

0-2 

0-4 

Cut-and-fill 

2-4 

2-4 

2-4 

0-4 

Square-set 

2-4 

2-4 

2-4 

0-4 

0  .  .  .  .  Negligible 

1  . Moderately  weak 

2  ...  .  Moderately  strong 

3  .  .  .  .  Strong 

4  .  .  .  .  Very  intense 

There  is  considerable  overlapping  of  the  effects  of  the  more  cru¬ 
cial  geologic  factors  which  affect  rock  strength.  And  the  effects  of 
one  may  be  offset  by  one  of  the  others.  For  example,  silicification  may 
create  a  very  strong  but  brittle  rock  structure  which  may  be  easily  weak¬ 
ened  by  further  dynamic  movement  of  the  rocks . 
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It  is  noted  that  underground  works  (power  stations)  can  be  designed 
and  constructed  with  confidence  and  efficiency  if  considerable  prelimi" 
nary  investigation  and  research  is  undertaken.  Recommended  items  are  as 
follows: 

1.  The  in  situ  state  of  stress  of  the  rock  should  be  determined 
possibly  in  connection  with  diamond  drilling  and  this  should  be  corre¬ 
lated  with  geology  and  topography  of  a  given  site. 

2.  A  direction  type  of  geophone  for  detection  of  sub-audible 
rock  noise  should  be  employed  to  locate  centers  of  disturbance  or  fail¬ 
ure  . 


3.  The  depth  of  penetration  of  blasting  effects  into  wall  rocks 
should  be  determined. 

4.  The  behavior  of  rough  and  smooth  jointed  rock  In  situ  should 
be  investigated. 

5.  Investigation  should  be  made  of  the  effect  of  rock  bolts  and 
cementing  in  stabilizing  jointed  rocks  of  various  types. 

The  experience  acquired  in  the  construction  of  the  Snowy  Mountain 
power  station  has  shown  that  conventional  methods  of  geological  mapping 
and  careful  diamond  drilling  programs  were  adequate  to  avoid  gross  weak¬ 
nesses  which  may  be  encountered,  particularly  those  associated  with 
major  faulting.  However,  these  methods  were  inadequate  to  determine  with 
sufficient  accuracy  the  characteristics  of  the  jointing  of  the  rock  mass 
at  depth,  or  to  identify  with  ease  geologic  or  rock  structure  which  is 
important  in  determining  the  stability  of  underground  openings.  It  wbb 
concluded  that  only  by  direct  exploration  by  tunneling  can  such  details 
be  determined  .  Experience  has  also  dictated  the  desirability  for  design 
characteristics  so  that  a  maximum  degree  of  flexibility  can  be  employed 
to  permit  adjustments  of  location  to  take  advantage  of  geologic  conditions 
revealed  by  exploratory  openings. 


Geology  and  Protective  Construction 

The  geological  characteristics  within  a  given  geographical  strate¬ 
gic  area  will  be  the  determining  factors  which  will  govern  the  choice  of 
a  site  a's  being  suitable  for  protective  purposes.  The  geological  fea¬ 
tures  of  the  earth's  crust  which  have  proven  important  in  the  stability 
of  mines,  tunnels  and  power  stations  will  be  equally  critical  in  deter¬ 
mining  the  stability  of  protective  installations.  With  the  exception 
of  experience  in  mines  which  have  high  order  rock  bursts,  however,  addi¬ 
tional  design  criteria  for  protective  cover  must  be  ascertained  to  incor¬ 
porate  resistance  factors  for  dynamic  loads.  Resistance  to  bomb  pene¬ 
tration,  attenuation,  refraction  and  reflection  of  stress  waves,  as  well 
as  the  strength  of  the  local  rock  structure  around  the  openings  must  be 
considered.  Obviously,  some  of  these  do  not  have  parallel  significance 
in  the  static  stability  of  mine  openings. 


3.37 


Favarabla  Over Ivina  Geological  Configurations.  Genensky  and  Loof- 
bourow-*  have  made  a  study  of  twelve  geological  configurations  in  the 
United  States.  They  conclude  that  "the  material  which  lies  between 
the  roof  of  the  installation  and  the  surface  of  the  earth  need  not  neces¬ 
sarily  be  composed  of  hard  competent  rock.  Broken  rock,  shale  and  other 
urieontpscted  rock  may  be  more  effective  as  blast-wave  attenuators."  In 
addition  to  certain  geologic  structures  they  also  suggest  the  use  of 
broken  rock  or  "umbrellas"  to  provide  optimum  attenuation.  The  term 
"umbrella"  is  applied  to  openings  in  the  rock  above  the  protective  in¬ 
stallation,  It  is  also  concluded  that  further  experimental  data  are 
required  to  predict  the  reaction  of  various  combinations  of  rock  to  nu¬ 
clear  blasts.  Also,  it  is  emphasized  that  definite  conclusions  in  the 
reaction  of  various  combinations  of  rock  cannot  be  drawn  without  further 
experimentation. 

The  following  configurations  were  considered  by  Genensky  and  Loof- 
bourow:  (1)  glaciers,  (2)  masses  of  plastic  rock,  (3)  cellular  rock,  (4) 

a  great  thickness  of  cellular  rock,  (5)  a  great  thickness  of  cellular  and 
thin-bedded  rock,  and  (6)  a  combination  of  thin-bedded  cellular  and  plas¬ 
tic  rock.  Further  consideration  was  given  to  existing  mines  in  certain 
formations  and  openings  under  caved  and  broken  ground.  The  studies  by 
Genensky  and  Loofbourow  are  quite  general  and  inconclusive. 

Favorable  Local  Geology.  For  reasons  which  are  discussed  more  in 
detail  in  later  chapters  of  this  report,  it  is  believed  that  it  will  be 
necessary  that  the  immediate  rock  in  which  an  installation  is  to  be  loca¬ 
ted  should  be  strong  and  competent.  As  pointed  out  in  the  chapter  on 
artificial  support,  steel,  concrete,  and  timber  will  support  only  the 
weight  of  an  assumed  arch  of  rock  a  few  feet  in  depth  around  an  opening. 
Hence,  the  natural  rock  structure  itself  should  be  capable,  with  some 
local  support,  of  carrying  a  very  large  percentage  of  static  and  dynamic 
loads  imposed  upon  it. 

Thus,  a  local  rock  structure  should  have  a  minimum  of  fractures  and 
alteration.  Fault  zones  are  usually  areas  of  critical  stress.  Certain 
types  of  joint  patterns  are  difficult  to  support,  and  the  spacing  of 
planes  of  weakness  relative  to  the  size  of  the  opening  is  one  critical 
measure  of  structural  strength.  (See  also  Chapters  on  static  and  dynamic 
stresses.)  The  value  of  types  of  rock  as  "attenuators"  for  high  level 
stress  waves  of  large  geometry  has  nor  been  determined. 
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CHAPTER  IV 


WAVE  MECHANICS  AND  INSTRUMENTATION 
Introduction 


The  response  of  an  underground  structure  situated  within  a  semi- 
infinite  (half-space)  rock  medium  to  a  high-intensity  impact  loading  is 
a  function  of  the  impact  time  history,  the  rock  medium,  and  the  under¬ 
ground  structure  configuration.  The  theoretical  analyses  of  rock  media 
responses  to  dynamic  loads  have  been  limited  for  the  most  part  to  math¬ 
ematical  derivations  of  ideal  elastic  half-space  response  to  concentra¬ 
ted  or  distributed  loads  at  the  free  boundary,  Any  attempt  to  improve 
the  similarity  between  the  theoretical  model  and  actuality  is  accom¬ 
plished  only  at  the  expense  of  increasing  the  complexity  of  the  math¬ 
ematics.  The  degree  to  which  the  theoretical  results  correspond  to  field 
conditions  can  only  be  determined  by  field  measurements. 

Instrumentation  is  a  necessity  for  the  acquisition  of  data  for 
checking  theoretical  formulations  as  well  as  to  aid  in  originating  new 
concepts.  Wave  mechanics  instrumentation  may  be  applied  in  the  labora¬ 
tory  as  well  as  in  the  field  and  may  include  accelerometers,  velocity 
gages,  strain  gages,  displacement  gages*  pressure  gages,  high  speed 
cameras  and  other  types  of  devices.  In  regions  of  intense  dynamic  load¬ 
ing,  properties  of  rock  other  than  the  purely  mechanical  properties,  such 
as  luminescence,  etc,,  may  give  pertinent  information.  The  principal 
types  of  instrumentation  which  have  been  utilized  and  an  evaluation  of 
their  application  is  presented. 


Propagation  In  an  Extended  Medium 


The  manner  of  propagation  of  stress  waves  within  extended  solid9 
is  dependent  upon  the  nature  of  the  medium  within  which  they  are  devel¬ 
oped.  In  extended  isotropic  elastic  solids,  two  types  of  elastic  waves 
may  be  propagated,  dilatational  waves  which  travel  with  the  velocity. 
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where  K  is. bulk  modulus 


(4.1) 


M  is  rigidity  modulus 
p  is  density 

and  distortionnl  waves  which  travel  with  the  velocity, 

eg  =  (u/o)^ 


(4.2) 
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another  type  of  stress  wave,  propagated  at  the  surface  of  an  elastic 
medium,  is  known  as  a  Raleigh  wave.  The  disturbances  associated  with 
this  particular  type  of  wave  decrease  with  depth. 

Kolsky  points  out  that  real  solids  are  never  perfectly  elastic. 
Solids  which  exhibit  a  hysteresis  loop  in  the  stress-strain  curve  may 
attenuate  transient  pulses  traveling  through  them  to  a  great  degree. 

The  velocity  gradients  set  up  by  the  stress  wave  may  result  in  a  second 
type  of  attenuation,  associated  with  the  viscosity  of  the  material. 

In  both  cases  these  losses  are  attributed  to  internal  friction  of  the 
material,  resulting  in  a  conversion  of  mechanical  energy  to  heat. 
Materials  may  also  exhibit  mechanical  relaxation  or  the  increase  of 
strain  asymptotically  with  time  under  a  fixed  stress.  Where  stress 
wave  periods  are  close  to  media  relaxation  times,  attenuation  of  the 
stress  waves  is  severe.  Finally  the  compressions  and  dilatations  pro¬ 
duced  by  the  stress  transfer  of  energy  from  the  strain  wave  to  the 
material  in  the  form  of  heat,  produces  additional  attenuation. 

Two  other  types  of  stress  waves  must  be  considered  here,  which 
are  of  importance  in  the  study  of  the  response  of  rock  masses.  Shock 
and  plastic  waves  both  may  occur  in  the  case  of  media  whose  stress- 
strain  relations  have  ceased  to  be  linear.  Shock  waves  are  formed  in 
media  In  which  the.  velocity  of  propagation  of  large  amplitude  disturb¬ 
ances  is  greater  than  that  of  smaller  ones.  This  behavior  may  be 
exhibited  above  a  certain  threshold  amplitude.  As  a  result  any  pulse 
above  the  threshold  value  develops  a  steeper  and  steeper  front  as  it 
penetrates  the  medium,  the  thickness  of  the  front  being  determined  by 
the  molecular  arrangement  of  the  medium.  Plastic  waves  are  developed 
in  media  which  are  linear  up  to  a  given  stress,  but  for  stresses  greater 
than  this,  flow  occurs.  This  behavior  results  in  an  elastic  wave  being 
propagated  through  the  medium,  with  a  plastic  wave  following  in  its  path 
at  a  lower  velocity.1 


Propagation  in  an  Extended  Elastic  Medium 


If  an  elastic  solid  is  unbounded  only  two  types  of  waves  can  be 
propagated  through  it,  dilatational  and  distortional  waves.  The  equa¬ 
tions  of  motion  for  these  waves  are  derived  by  means  of  well-known 
theory  of  elasticity  relationships,  and,  therefore,  only  the  results 
will  be  presented  here.  The  equations  of  motion  take  the  form 

P  “  (*■  +  2(i)VaA  (4.3) 
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where  X.  and  n  are  Lame's 
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Equation  4.3  is  the  wave  equation  of  a  dilatation  A  propagated 
through  the  medium  with  velocity  [(X  -»  2p)/pP.  Equations  4.4  rep¬ 
resent  the  wave  equations  of  rotation  (shear)  propagated  at  a  velocity 
of  (p/p)'2. 


It  can  be  shown  that  any  plane  wave  propagated  with  an  extended 
elastic  isotropic  medium  must  travel  at  one  of  these  two  velieities. 
From  the  above  discussion  it  can  be  seen  that  the  velocity  of  distor- 
tional  waves  depends  only  on  the  density  and  shear  modulus  of  the  med¬ 
ium,  whereas  the  velocity  of  di.l atatlonal  waves  is  a  function  of  bulk 
modulus  as  well  as  shear  modulus.  This  behavior  is  explained  by  the 
fact  that  in  the  case  of  a  dilatational  wave  the  medium  is  subjected 
to  both  compression  and  shear. 


The  general  form  of  the  solution  to  differential  ...equations  of  motion 
of  the  dilatational  and  distortional  waves,  Equations  4.3  and  4  4,  re¬ 
spectively  is 


(X  =  £(x  -  ct)  t  F(x  t  ct)  (4.5) 

where  f  is  an  arbitrary  function  corresponding  to  a  plane  wave  along  the 
x-axis  in  a  positive  direction,  and  F  to  one  in  the  opposite  direct  Jon. 
It  can  be  seen  that  the  effect  of  time  is  merely  to  displace  the  wave 
a  distance  along  the  x-axis  without  altering  its  shape. 

If  a  stress  wave  originates  at  a  point  in  an  unbounded  medium, 
the  differential,  equation  of  motion  may  be  represented  by  Ihe  equation 
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This  equation  may  be  placed  in  the  same  form  as  Equations  4.3  and  4.4, 


..  .a  o:-Snu 

dt~  ~  dr? 


The  solution  of  this  equation  is 
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Equation  48  representing  a  spherical  wave  differs  from  Equation  4.5 
representing  a  pLane  wave  in  that  the  spherical  wave  amplitude  is  inversely 
proportional  to  the  distance  r  from  the  source  of  disturbance. 
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Rayleigh  Waves ,  In  an  elastic  isotropic  solid  where  there  is  a 
bounding  surface  elastic  surface  waves  may  occur  in  addition  to  the 
two  types  of  waves  discussed  above.  Lord  Rayleigh  showed  that  their 
effect  decreases  rapidly  with  depth  and  that  their  velocity  of  propa« 
gation  is  smaller  than  that  of  body  waves.  The  velocity  of  propaga¬ 
tion  of  surface  waves  is  independent  of  the  imposed  frequency  and 
dependent  only  on  the  elastic  constants  of  the  material.  For  this 
reason  these  waves  do  not  change  in  form  as  they  travel.  Rayleigh 
waves  of  high  frequency  are  attenuated  more  rapidly  with  depth  than 
those  of  low  frequency.  In  any  case  the  disturbance  is  insignificant 
at  depths  greater  than  one  wave  length.  These  surface  waves  are  of 
importance  in  seismic  phenomena  since  they  spread  only  in  two  direc¬ 
tions  and  thus  fall  off  more  slowly  than  elastic  body  waves. 


Love  Waves.  The  direction  of  vibration  of  the  horizontal  compo¬ 
nents  of  Rayleigh  waves  is  parallel  to  the  direction  of  propagation. 
Surface  waves  encountered  in  seismic  investigations  where  the  hori¬ 
zontal  components  vibrate  parallel  to  the  wave  front  are  known  as  Love 
waves.  Love  suggested  that  these  waves  can  be  accounted  for  by  assum¬ 
ing  that  the  elasticity  and  density  of  the  outer  layer  of  the  earth 
differs  from  that  in  the  interior.  Thus  transverse  waves  can  be  prop¬ 
agated  through  the  outer  layer  without  penetrating  the  interior. 


Reflection  and  Refraction.  Any  wave  which  is  incident  upon  the 
interface  of  two  elastic  media  will  produce  congressional  (P)  and  dis- 
tortional  (SV)  waves  In  both  media.  Thus,  an  incident  P  wave  (Figure 
4.1)  will  result  in  reflected  and  transmitted  P  waves,  and  reflected 
and  transmitted  SV  waves.  Similarly,  an  incident  SV  wave  will  result 
in  four  transmitted  and  reflected  waves.  (Figure  4.2). 


Figure  4.3  gives  the  square  root  values  of  ratios  of  transmitted 
to  incident  energy  between  two  strata  for  certain  ratios  of  density, 
longitudinal  («)  and  distortional  (p)  velocity  and  for  Poisson's  ratio 
whore  the  reflected  and  transmitted  waves  are  of  the  same  type.  This 
shows  that  refracted  waves  of  the  same  kind  do  not  lost  an  appreciable 
amount  of  energy  in  passing  discontinuities,  except  for  near- grazing 
incidence.  Figure  4.4^  is  a  comparable  plot  of  waves  which  changes 
type  at  an  interface.  Gutenberg^  points  out  that;  "From  the  theory, 
it  follows  that  except  for  signs  the  distribution  of  energy  is  the 
same  for  incident  P  and  SV  waves  if  one  compares  refracted  waves  of  the 
same,  kind,  refracted  transformed  waves,  etc.". 


Muskat  and  Meres  calculated  the  reflected  energy  of  P  waves  for 
normal  and  near  normal  incidence.  The  results  of  some  of  their  cal¬ 
culations  for  waves  of  normal  incidence  are  shown  in  Figures  4.5  to 
4.8  for  specific  examples  of  low  and  high  speed  strata  configurations, 
These  show  that  a  high  velocity  contrast  is  desirable  for  reflection, 
while  strata  whose  velocities  increase  monotonically  with  depth  gives 
the  smallest  reflection. 


Hence,  in  the  selection  of  a  site  for  a  deep  installation,  the 
reflecting  capabilities  of  the  geologic  structure  should  be  considered, 
as  well  as  the  attenuating  properties. 


Figure  4.1.  Reflection  of  P  waves  at  an  interface  between  two 
elastic  solids. 


SV(B') 


Figure  4.2.  Reflection  of  SV  waves  at  an  interface  between  two 
elastic  solids. 


Figure  4.4.  Square  roots  of  ratio  of  reflected  or  transmitted  to  incident  energy  if  inci 
dent  and  reflected  or  transmitted  waves  are  of  different  type.  (After  Gutenberg) 
Subscript  1  refers  to  upper  layer,  subscript  2  to  lower  layer. 
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Figure  4.5.  Normal  incidence  on  an  interface  separating  an  incident 
bed  with  velocity  8000  ft. /sec.  from  a  refracting  bed  of  velocity 
16,000  ft. /sec.  11.1%  of  the  incident  energy  will  be  reflected  to 
the  surface  from  the  interface  as  a  longitudinal  wave. 


Figure  4.6.  A  two  interface  system  in  which  the  incident  stratum  of 
velocity  8000  ft, /sec.  is  separated  from  the  final  reflecting  stratum 
of  velocity  16,000  ft. /sec,  by  a  bed  of  intermediate  velocity,  12,000 
ft. /sec.  The  angle  of  incidence  =  0°.  Energy  reflected  from  first 
interface  equals  47,  of  incident  energy;  energy  returning  from  the 
highest  speed  layer  =  2.3%  of  incident  energy. 
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16,000  ft/sec 


Figure  4.7.  A  4-interface  system  in  which  the  highest  and  lowest 
velocity  beds  are  separated  by  three  intermediate  layers  with 
equal  velocity  increments.  The  angle  of  incidence  =  0°.  Energy 

reflected  from  10,000  ft.  bed  =  1.2%  of  incident  energy;  energy 

reflected  from  12,000  ft.  bed  ^  0.8%  of  incident  energy;  energy 

reflected  from  14,000  ft.  bed  =  0.6%  of  incident  energy;  energy 

reflected  from  highest  speed  bed  ---  0.4%  of  incident  energy. 
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Figure  4.8.  The  reflections  at  normal  incidence  from  a  typical 
sedimentary  section  with  a  low  velocity  Intermediate  stratum. 
Energy  reflected  from  first  interface  =  4%  of  incident  energy; 
energy  reflected  from  intermediate  low  velocity  bed  -  0.8%  of 
incident  energy;  energy  reflected  from  deepest  and  highest  speed 
bed  =  3.6%,  of  incident  energy. 
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Propagation  in  an  Extended  Anelastlc  Medium.  When  solid  materials 
are  set  into  vibration  some  of  the  elastic  energy  is  always  converted 
into  heat  (the  various  mechanisms  by  which  this  takes  place  are  collec¬ 
tively  termed  internal  friction).  There  is  at  present  no  satisfactory 
explanation  for  internal  friction  in  solids,  and  more  experimental  data 
are  required. 

The  dynamic  viscoelastic  behavior  of  solids  has  been  represented 
by  a  number  of  idealized  models,  the  simplest  of  which  are  the  Voigt 
and  Maxwell  solids.  Figures  4.9a  and  4.9b,  respectively.  In  the  figures, 
the  springs  represent  linear  internal  resisting  stresses  of  an  elastic 
body,  that  is,  in  wh''ch  a  =  Ee,  whereas  the  viscous  elements  represent 
behavior  in  which  the  resistive  stress  is  directly  proportional  to  the 

.  cle 

strain  rate,  a  =  q 

A  Voigt  solid  is  based  upon  the  assumption  that  the  resisting  stress 
within  a  solid  can  be  represented  as  the  sum  of  two  sets  of  terms,  one 
proportional  to  the  strain  and  the  other  to  the  rate  of  change  of  strain, 
or 


0  =  Eg  +  T>dt  (A,9) 

This  equation  may  be  represented  by  a  viscous  and  an  clastic  model  ele¬ 
ment  in  parallel. 

A  Maxwell  model  is  based  on  the  assumption  that  the  strain  developed 
in  a  solid  as  the  result  of  an  externally  applied  stress  can  be  repre¬ 
sented  as  the  sum  of  two  terms,  one  proportional  to  the  applied  stress 
and  the  other  proportional  to  the  time  integral  of  the  applied  -tress, 
or 


e  =  §  +  \J  °dt  (4,10> 

This  behavior  may  be  represented  by  a  linear  elastic  element  end  a  vis¬ 
cous  element  in  series. 

An  interesting  aspect  of  the  behavior  of  these  two  hypothetical 
materials  is  that  the  logarithmic  decrement  of  damping  is  inversely  pro¬ 
portional  to  frequency  for  Maxwell  solids  and  directly  proportional  to 
frequency  for  Voigt  solids.  Unfortunately,  for  most  solids  the  meas¬ 
ured  logarithmic  decrement  does  not  follow  either  model,  suggesting 
that  a  more  complicated  arrangement  is  required.  The  arrangement  of 
Figure  4.9c,  sometimes  Identified  as  Berger's  model,  gives  results  more 
in  accordance  with  the  behavior  of  real  solids. 

More  complicated  models  have  been  considered  to  account  for  the 
fact  that  a  number  of  different  relaxation  phenomena  may  take  place 
simultaneously  in  a  solid.  This  has  resulted  in  models  consisting  of 
multiple  series  and  parallel  combinations  of  the  basic  Maxwell  and 
Voigt  models.  Such  a  treatment  is  mathematically  equivalent  to  a  super¬ 
position  approach  postulated  by  Boltzmann.  The  basic  models  have  also 


Maxwell  solid 
b 


Voigt  solid 
o 


More  general  solid 
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Figure  4.9.  Models  of  visco-elastic  solids  (after  Volsky). 


Auxiliary  spring  in  parallel  with 
Maxwell  model 
a 


Agxiliory  spring  in  series  with 
Voigt  model 
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Figure  4.10.  Two  equivalent  mechanical  models  (after  Kolsky) . 
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been  modified  as  shown  in  Figure  4.10  to  better  describe  relaxation  phen¬ 
omena.  The  theory  of  vibrations  in  a  Boltzmann  solid  results  in  extremely 
complicated  mathematical  analysis,  and  the  results  have  so  for  found  very 
little  application  in  the  study  of  the  dynamic  behavior  of  visco-elastic 
materials . 


olid  arc  derived  in  the  same 
form  as  for  an  elastic  solid.  Thus,  the  equation  for  the  plane  displace¬ 
ment  of  a  dilatational  wave  becomes 


P  ~  (*■  +  2u>72u  ■+  (X1  +  2u1X?2(|^) 


(4.11) 


where  X  and  u  are  two  viscous  constants  corresponding  to  Lame's  con¬ 
stants,  and  for  a  distortional  wave 


^’u  _ p  TO  ,&tl, 

P  =  Wfn  +  uJV 


(4.12) 


A  plane  distortional  wave  which  is  propagated  in  the  x-direction 
has  a  particle  motion  in  the  z-uirection  (amplitude  w)  is  represented 
by  the  following  solution  of  Equation  4.12: 

Cl  X 

W  =  e  cos  (pt  -  fx)  (4.13) 

where  q  is  a  dissipative  factor,  p  is  the  angular  frequency  of  the  stress 
wave,  and  f  is  2ir  divided  by  the  wavelength  X. 

This  equation  indicates  that  the  wave  is  damped  exponentially  as  it 
proceeds  through  the  solid.  For  small  amounts  of  damping  the  phase  velo¬ 
city  is  the  same  as  for  an  elastic  colid.  The  treatment  of  dilatational 
waves  in  a  Volgi.  solid  is  essentially  the  same  as  that  presented  for  dis¬ 
tort  ional  waves . 

Although  very  few  solids  behave,  even  approximately,  like  either 
the  Maxwell  or  the  Voigt  model,  when  the  dynamic  mechanical  behavior  of 
a  visco-elastic,  solid  is  required  for  only  a  restricted  region  of  fre- 
euqncies  the  "elasticity"  and  "viscosity"  obtained  from  these  simplifi¬ 
cations  is  convenient  for  the  description  of  its  mechanical  properties. 
This  may  be  particularly  true  in  the  case  of  dynamic  studies  of  under¬ 
ground  structures. 

U 

Wave  Attenuation  In  Rock.  Dobrin  points  out  that  the  energy  of  a 
wave  is  proportional  to  the  square  of  its  amplitude.  However,  as  a 
spherical  wave  spreads  out  from  its  source  the  energy  is  distributed 
over  an  area  which  increases  as  the  square  of  the  radius  of  the  sphere, 
and  tnus  the  specific  energy  varies  as  the  inverse  square  of  the  radius. 
The  amplitude  theoretically  varies  as  the  inverse  of  the  radius.  In 
addition  to  a  decrease  in  energy  due  to  dispersion  inherent  in  spherical 
geometry  of  the  wave,  it  suffers  a  loss  due  to  internal  friction  and 
absorption  approximate  l.v  defined  by 


4.13 


I  =  I 

o 


(4.14) 


where  I  is  the  amplitude  at  a  distance  r  from  the  source,  I  the  initial 
amplitude  and  £  a  constant  depending  upon  the  material. 


This  equation  has  been  found  to  approximate  quite  closely  the 
behavior  of  seismic  waves  at  some  distance  from  an  exploding  charge. 

Some  additional  data  and  observations  are  available  from  underground 
nuclear  detonations  and  large  scale  HE  explosions, 

5 

Swift,  et  al,  report  in  connection  with  the  Rainier  event  that 
the  peak  vertical  acceleration  decays  with  distance  from  the  charge  and 
accelerations  were  measured  at  distances  of  580.  650  and  720  ft  from 
the  charge,.  At  distances  closer  to  the  surface,  accelerations  deviated 
markedly  from  those  closer  to  the  explosive  chamber.  The  decay  was  not 
found  to  obey  a  well  defined  law.  Particle  velocity  and  displacement 
were  determined  by  integrating  acceleration  time  records,  but  results 
were  not  conclusive, 

Perret  and  Preston  report  that  in  a  horizontal  direction  from 
the  detonation  of  Rainier  the  highest  peak  accelerations  decayed  approx¬ 
imately  as  the  inverse  fourth  power  of  the  range.  Below  10  g,  atten¬ 
uation  of  peak  acceleration  approached  the  inverse  square  power  of  the 
range . 


Subsurfaces  stresses  and  strains  associated  wilh  the  Tamalpais 
event  by  Adams,  et  al',  showed  that  stresses  measured  at  five  stations 
between  100  and  425  feet  radial  distance  varied  as  the  inverse  cube 
of  the  radial  range.  Plotted  data  for  strain  indicates  that,  strain 
attenuated  at  a  rate  between  the  inverse  cube  arid  the  inverse  square. 

In  general,  the  results  of  Plumbbob  and  Hardtack  operations  are  some¬ 
what  inconclusive  and  can  be  applied  only  to  the  Luff  at  NTS. 

For  small  scale  charges  the  rate  of  decay  of  peak  strain  is 
plotted  against  scaled  distance  for  four  types  of  rocks  in  Chapter  V. 

The  typo  of  rock  not  only  has  an  effect  upon  the  attenuation  of  strain 
with  distance,  but  on  the  magnitude  of  strain  as  well,  The  rate  of 
attenuation  varies  inversely  as  the  distance  from  the  charge  to  expo¬ 
nential,  values  of  from  1.5  to  2,  except  close  to  the  explosive  where  the 
attenuation  may  be  less.  This  is  not  comparable  to  the  results  recorded 
from  nuclear  explostions  where  the  attenuation  was  much  Higher  at  shorter 
distanc es  . 


Extrapolation  of  wave  attenuation  effects  apparently  may  not  be 
made  in  accordance  with  scaling  laws.  That  is,  some  of  the  effects 
such  as  friction  losses  are  functions  of  distance  only  and  not  of  scaled 
distance.  This  is  particularly  emphasized  where  attempts  have  been 
made,  to  scale  from  results  of  HE  shots  to  NE  explosions  in  terms  of 
cratering  and  the  parameters  which  govern  the  mechanism  of  formation 
of  both  true  and  apparent  craters.  The  rate  of  attenuation  of  wave 
parameters  in  badly  broken  or  altered  rock  does  not  appear  to  have 
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been  evaluated.  A  few  measurements  have  been  made  In  sandstone  in  con¬ 
nection  with  the  UET  program,  and  some  in  limestone.  It  would  be  of 
primary  interest  to  learn  the  effects  of  attenuation  upon  stress  waves 
in  large  masses  of  competent  granitic  rock  which  might  be.  employed  for 
underground  protective  cover. 


Plastic  Waves.  The  propagation  of  a  plastic  deformation  is  essen¬ 
tially  a  non-linear  phenomenon.  Problems  of  strain  which  is  linear  with 
stress  up  to  a  proportional  limit,  one  univalued  function  above  the  pro¬ 
portional  limit  with  increasing  stress  and  another  function  for  decreas¬ 
ing  stress  have  been  considered  by  a  number  of  invest igauors  including 
Taylor'  and  von  Karman  .  The  solution  for  a  semi-ini inite  bar  loaded  by 
a  suddenly  imposed  velocity  at  one  end,  involving  Lagrangcnu  coordinates 
is  shown  schematic  representation  of  the  distribution  of  strain  in  a 
bar,  (Figure  4.11).  The  elastic  wave  front  moves  at  the  same  velocity 
as  in  the  purely  elastic  case;  the  velocity  of  propagation  of  the  inter- 

( S/p0 where  S  =■  ~~  ,  the  modulus 


mediate  portion  of  the  curve  is  c 


of  deformation  at  a  particular  strain  e,  and  is  the  density  of  the 
unstretched  bar;  and  the  velocity  of  the  plastic  wave  front  depends  upon 


the  maximum  strain.  For  most  solids 


do 

de 


is  constant  for  stresses  up  to 


the  elastic  Limit  and  then  decreases,  so  that  large  strains  arc  propa¬ 
gated  with  velocities  lower  than  that  of  elastic  waves  and  the  distri¬ 
bution  of  strain  is  similar  to  that  shown  in  Figure  4.11.  If  do1/de 
increases  with  Increasing  strain,  any  large  pulse  traveling  through  the 
medium  will  acquire  a  steep  front,  the  gradient  of  which  is  limited  by 
dissipation  through  viscosity  and  thermal  conduction.  (See  shock  waves 
below) . 


The  discussion  of  plastic  waves  above  has  been  concerned  only  with 
the  loading  of  a  semi-infinite  bar.  When  a  stressed  bar  is  suddenly 
released  a  wave  of  unloading  travels  down  the  bar.  The  front  of  this 
wave  travels  with  a  velocity  corresponding  to  the  velocity  of  elastic 
waves  Lu  the  material.  It  consequently  overtakes  the  plastic  wave  front 
which  was  induced  during  loading.  Plastic  and  elastic  response  of  the 
material  becomes  quite  complex  as  repeated  reflections  take  place. 

Very  little  consideration  has  been  given  in  the  literature  to  the 
propagation  of  plastic  waves  in  extended  media. 

Shock  Waves.  The  velocity  of  propagation  of  a  disturbance  in  a 
plastic  material,  where  the  elastic  modulus  S  =  da1/de  is  constant, 
will  be  greater  for  large  compressive  disturbances  than  for  smaller 
ones.  Thus  any  finite  compression  pulse  will  eventually  acquire  a 
steep  front  as  it  travels  through  the  medium.  In  solids,  particle 
velocities  are  very  small  compared  to  propagation  velocities  so  that 
if  S  is  constant,  stress  pulses  can  travel  for  considerable  distances 
without  change  in  form.  As  mentioned  previously  S  usually  decreases 
beyond  the  elastic  limit,  and  plastic  rather  than  shock  waves  are  gen¬ 
erated  in  most  solids. 
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Figure  4.11.  Schematic  representation  of  distribution  of  strain  in  a 
plastic  wave  (after  Kolsky). 


Figure  4.12.  A  cylindrical  mass  of  material  of  unit  cross-section 
passing  from  right  to  tefl  through  a  shock  front.  Reference  system 
fixed  in  the  transition  zone  (after  Kolsky). 
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Shock  waves  may  also  be  set  up  In  solids  when  dllatational  waves 
of  sufficiently  large  amplitude  are  propagated  through  them.  The  velocity 

of  elastic  waves  of  dilatation  in  a  solid  is  c  -  t (K .+  2/3p)/p]^.  Since 
the  compressibility  K  of  solids  increases  at  high  pressures,  the  velocity 
of  waves  of  large  amplitude  may  be  expected  to  be  greater  than  that  of 
waves  of  small  amplitude. 

Bridgman  has  shown  that  the  volume  v  and  the  hydrostatic  pressure 
P  in  a  solid  can  be  related  by 

v  -v 

— —  =  aP  +  bP2  (4.15) 

v 

o 

dp 

The  bulk  modulus  K  is  given  by  v  In  the  case  of  metals  a  pres¬ 

sure  on  the  order  of  1000  kg./sq.  cm.  results  in  a  change  in  the  bulk 
modulus  of  approximately  one  percent,  with  a  resulting  change  in  velocity 
of  propagation  of  %  percent.  The  influence  of  compressibility  of  the 
material  upon  dilatatipnal  velocity  is  therefore  significant  only  at 
extremely  high  pressures,  and  shock  waves  are  likely  to  be  produced  In 
a  solid  only  when  it  is  intimately  associated  with  a  detonating  explo¬ 
sive  or  when  a  high  speed  projectile  is  fired  at  it, 

A  brief  account  of  the  fundamental  shock  wave  equation  derivation 
is  included  here.  These  relations,  known  as  the  Rankine-Hugoniot  equa¬ 
tions,  are  based  on  conservation  of  mass,  momentum  and  energy  in  the 
medium.  The  equations  are  derived  utilizing  the  assumptions  that  a 
plane  shock  wave  has  been  set  up  and  is  traveling  through  the  material 
with  a  velocity  c;  the  particle  velocity,  pressure,  and  density  behind 
the  shock  wave  are  constant;  there  is  a  transition  zone  at  the  front  of 
the  shock  in  which  conditions  are  steady;  and  ahead  of  the  transition 
zone  the  material  is  undisturbed. 

Figure  4.12  shows  a  cylindrical  element  of  material  of  unit  cross- 
section  containing  the  transition  zone.  The  coordinate  system  is  fixed 
relative  to  the  transition  zone.  Pressure,  density,  and  particle  velo¬ 
city  behind  the  transition  zone  are  denoted  by  ?A,  p^,  and  V^,  respectively, 

and  in  the  undisturbed  material  by  P  ,  p  ,  and  V_.  The  mass  m  is  the 

D  15  D  ~ 

material  entering  the  transition  zone  per  unit  time. 

Since  matter  and  momentum  are  conserved, 

«■ 

m  -  PAVA  ‘  pbV 

and 

-<VV  ‘  VPB  ,4'l7> 

The  rate  of  work  being  done  by  the  element  is  P  V  -  P  V  per  unit  time 

A  A  ij  1 1 

wbirh  1 s  equal  to  the  change  in  kinetic  energy  anH  infernal  energy  of 
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the  material  passing  through  the  transition  zone.  Thus 


PAVA  -  Vb  •  «  <V  ■  V> 

where  AU  is  the  change  in  internal  energy  per  unit  mass. 


(4.18) 


By  means  of  chese  three  equafrous  one  may  derive  the  velocity  of 
propagation  of  the  shock  front: 


c  --  V  =  -i 
B  PB 


(PA*PB)/(PAPB)/(PA'PB) 


(4.19) 


The  particle  velocity  of  material  behind  the  shock  front  relative 
to  the  undisturbed  material  is  given  by 

V  '  VB  -  VA  '  [<W  <‘W/VB] 

and  the  change  in  internal  energy  per  unit  mass  is 

W  •  *  <PA  -  V  <»*  -  V'Vb 

It  can  be  shown  that  the  shock  front  velocity  given  in  Equation 
4.1.9  approaches  the  velocity  of  sound  in  the  medium  for  very  small 
pressure  differences.  Kolsky  indicates  that  the  thickness  of  the  shock 
front  depends  upon  the  characteristics  of  the  medium.  Little  research 
has  been  performed  in  measuring  of  depth  of  shock  waves  in  solid  media. 


(4.2u) 


(4.21) 


Wave  Mechanics  and  Crater  Formation 


If  the  limits  of  a  true  crater  can  be  defined  within  reasonable 
limits  for  rocks  of  given  characteristics  this  should  offer  one  relia¬ 
ble  means  of  predicting  safe  survival  depths  for  installations.  One 
approach  to  this  problem  has  been  made  by  Brode  and  Bjork1  on  a  math¬ 
ematical  basis.  A  hydrodynamic  model  is  assumed  and  the  early  motions 
associated  with  the  burst  are  calculated  for  tuff.  The  results  demon¬ 
strate  that  the  problem  is  essentially  a  two-dimensional  one,  and  fur¬ 
nish  preliminary  values  of  pressures  and  motions  Involved.  Excavating 
action  is  due  to  direct  shock  from  the  bomb.  Brode  and  Bjork  also  state 
that  "In  protective  construction  for  the  miliLury,  Lhe  crater  boundaries 
define  a  sensible  if  perhaps  extreme  limit  inside  which  survival  cannot 
be  expected". 

Assumptions  made  involve  a  knowledge  of  the  early  history  of  the 
»  bomb  explosion,  that  pressures  are  far  in  excess  of  shear  or  viscosity 
characteristics  of  natural  materials  and  hence  a  hydrodynamic  model  is 
the  most  suited  for  the  early  stages.  At  the  stress  level,  below  which 
hydrodynamics  can  be  applied,  calculations  should  embrace  appropriate 
features  o£  plasticity  and  elasticity. 
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A  sot;  of  equations  in  Euierian  variables  is  set  up,  ignoring  effects 
of  viscosity  and  heat  conduction.  The  solution  of  the  equations  is  accom¬ 
plished  by  computer  in  a  series  of  two  step  processes  in  which  the  trans¬ 
port  terms  are  first  neglected  and  then  later  taken  into  account.  An 
equation  of  state  for  the  tuff  relating  pressure  P,  internal  energy  E  and 
the  ratio  of  density  to  initial  density  T]  =  p/po  is  as  follows: 

?  =  0.42511E  +  0.11.T'13,/2E  +  5.30t]E*  +  0.707i)E;i/(l(P  +  E)  (4.22) 

This  does  not  cover  the  solids  state  properties  of  rock  which  become 
important  where  pressures  dimish  to  about  10  Kbars. 

■Several  isobar  maps  for  a  2  megaton  burst  at  various  times  after 
a  detonation  are  given  by  Erode  and  Bjork.  At  50  ms  and  a  depth  of  70  m 
the  crater  bottoms,  with  the  material  above  this  point  moving  up,  and 
that  below  moving  down.  The  crater  thus  predicted  is  approximately  equal 
to  that  predicted  by  conventional  scaling  laws  (cube  root  scaling). 

Some  adjustments  must  be  made  in  calculations  to  maintain  a  proper  energy 
balance . 


Figure  4  13  shows  the  calculated  pressure  distribution  in  the  cra¬ 
ter  at  105  ms  when  a  maximum  pressure  of  3+  Kbars  exists  at  250  +m  and 

is  Khar  at  350  meters. 

Brode  and  Bjork  conclude  that  the  kinetic  energy  of  the  bomb  debris 
as  it  reaches  the  ground  is  the  most  important  mechanism  in  inducing 
ground  motion  below  the  crater,  as  well  as  on  the  formation  of  the  cra¬ 
ter  itself  The  crater  size  and  ground  shock  are  thus  very  sensitive 

to  height  of  burst.  Also  shallow  burial  or  a  denser  bomb  case  should 
enhance  cratering  efficiency.  It  is  also  noted  that  the  presence  of  a 
nearly  free  surface  causes  stress  patterns  below  the  burst  to  be  elong¬ 
ated  along  the  vertical  axis. 

Making  an  approximation  from  the  data  in  Reference  5  it  appears 
that  at  a  depth  of  2000  ft.  an  overpressure  of  about  >;  Khar  could  be 
expected  to  exist  as  the  dynamic  free  field  stress.  With  a  lithostatic. 
pressure  of  2000  psi  (minimum)  the  total  field  would  approximate  10,000 
psi.  The  stress  concentration  factor  for  a  circular  tunnel  in  a  uni¬ 
directional  field  is  3 1  and  hence,  the  stress  concentration  at  the  rib 
of  a  tunnel  at  this  depth  would  be  30,000  psi,  which  exceeds  the  com¬ 
pressive  strength  of  many  common  rocks. 

Instrumentation  for  Dynamic  Response 

The  instrumentation  required  for  the  measurement  of  the  dynamic 
response  of  underground  rock  structures  and  surrounding  rock  media  to 
impact  loadings  such  as  produced  by  HE  or  NE  explosives  lias  consisted 
primarily  of  displacement,  acceleration,  pressure  and  strain  measuring 
devices.  The  philosophy  of  instrumentation  of  these  various  types  of 
measurements  has  several  coninon  features:  (1)  the  measuring  technique 
should  not  unduly  alter  the  phenomena  being  measured,  i.e  ,  the  instru¬ 
ment  should  not  seriously  interrupt  the  continuity  ol:  material,  (?.)  the 
instrument  readings  should  directly  measure  the  phenomena  which  iL  Ls 
desired  to  retold  and  be  capable  of  calibration,  (1)  it  is  a  requisite 
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that  the  gage  length  of  the  sensing  device  be  sufficiently  small  to  per¬ 
mit  detection  of  the  highest  effective  frequency  dynamic  phenomena 
present;  and  (4)  the  instruments  used  for  data  acquisition  shall  prefer¬ 
ably  be  of  a  remote-recording  type. 

A  complete  success  of  measuring  a  phenomena  in  a  rock  medium  such 
cis  strain,  without!  2I taring  the  strain  field  or  p  reseat  in**  a  discon  tin- 
uity  has  not  been  achieved.  The  first  requirement  is  a  strain  sensing 
device  in  intimate  contact  with  the  surrounding  rock  which  has  a  modulus 
of  elasticity  equal  to  that  of  the  surrounding  medium.  In  addition,  the 
strength  of  the  gage  and  bonding  material  should  be  greater  than  that  of 
the  medium.  However,  if  data  are  required  above  the  proportional  limit 
of  the  med Lum,  similar  stress-strain  curves  of  gage  and  medium  are  desir¬ 
able.  This  is  important  where  strain  readings  are  made  in  the  vicinity 
of  underground  openings.  If  the  strain  measurements  are  to  .include 
dynamic  responses,  the  question  of  reflection  and  refraction  of  strain 
waves  at  the  gage-medium  interfaces  is  often  critical,  and  an  impedance 
match  between  gage  and  medium  is  expedient.  An  impedance  match  is  made 
most  frequently  by  adjusting  the  gage  density  to  be  equal  to  that  of 
the  surrounding  rock.  In  certain  instances  the  presence  of  lead  wires 
or  other  connections  may  disrupt  the  continuity  of  the  rock  and  invali¬ 
date  the  results.  Miniaturization  of  transducer  components  has  been 
undertaken  as  one  means  of  reducing  the  anomalous  effects  on  the  rock 
body. 


Transducers  used  in  the  near  vicinity  of  a  strong  dynamic  disturb¬ 
ance  may  register  effects  other  than  those  desired.  Extraneous  effects 
may  result  from  unnecessary  sensitivity  to  strains  along  other  axes, 
or  may  be  the  result  of  response  to  accompanying  phenomena.  The  design 
of  transducers  for  measurement  under  these  conditions  requires  detailed 
attention  to  the  behavior  of  the  medium  and  to  the  sensitivities  of  the 
measuring  technique  itself. 

The  necessity  for  proper  choice  of  gage  length  in  measuring  dynamic 
phenomena  has  received  considerable  attention.  It  is  generally  agreed 
that  the  gage  length  of  the  transducer  should  be  on  the  order  of  one- 
tenth  of  the  wavelength  of  the  highest  frequency  component  it  is  desired 
to  record.  Relatively  little  attention  has  been  given,  however,  to  a 
study  of  which  type  of  record  is  more  representative  o  L'  the  actual 
response  in  rock,  the  measurement  of  gtain-by-gra i n  phenomena  or  response 
on  a  larger  scale. 

Strain  Instruments tlun ,  Strain  measurements  have  been  made  in  the 
field  by  a  number  ot  methods,  most  of  which  have  utilized  bonded  elec¬ 
trical  resistance  gages.  The  U.S.  Bureau  of  Mlnesl2  has  utilized  such 
gages,  cemented  in  copper  boxes  for  shielding  purposes,  attached  to  rock 
cores  which  were  then  placed  in  drill  holes  and  granted  to  the  meuia. 

The  Corps  of  Engineers^  has  improved  on  this  technique  by  mount¬ 
ing  strain  gages  in  laminated  plastic  sandwiches  and  molding  them  into 
5 -inch  diameter  hydrostone  cylinders  which  were  in  turn  cemented  into 
drill  holes.  lhe  density  and  static  modulus  ot  elasticity  of  the  hydro- 
stone  closely  approximated  that  of  the  surrounding  rock.  Cements  can 
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be  molded  as  carriers  for  strain  gage9,  which  would  provide  a  satis¬ 
factory  match  for  most  rock  media. 

Acceleration  Measurements.  Acceleration  transducers  are  relatively 
bulky  and  little  effort  has  been  made  to  date  to  match  them  to  their  sur¬ 
roundings.  Discontinuities  and  mismatches  should  be  of  less  significance 
for  accelerations  than  for  strain  measurements.  Accelerometers  of  a 
piezoelectric  type  have  been  used  for  accelerations  up  to  40,000  g's. 

They  may  be  mounted  in  cased  holes,  uncased  holes,  or  on  mounts  on  the 
Inside  of  underground  tunnels. 

Pressure  Measurements.  Pressure  measurements  have  been  made  in 
rock  media  of  response  to  explosive  loadings  using  both  piezoelectric 
and  diaphragm  type  transducers.  Walsh^  has  added  a  cautionary  note  in 
the  use  of  piezoelectric  transducers  that  the  lead  wires  must  be  care¬ 
fully  placed  so  that  any  change  in  lead  wire  capacitance  during  the  test 
does  not  obscure  the  results. 

Durelli  and  Riley^  also  report  on  a  barium  titanate  gage  5/16  Inch 
diameter  hy  1/4  inch  long  with  a  wall  thickness  of  20  mils.  The  surfaces 
are  silvered  to  establish  polarizing  fields.  The  gage  delivers  3  to  5 
millivolts  per  psi  which  makes  it  adequate  for  oscillograph  recording. 

It  is  also  insensitive  to  acceleration  effects.  Calibration  is  accom¬ 
plished  by  checking  recorded  outputs  against  calculated  overpressures 
in  a  shock  tube.  This  device  has  the  disadvantage  that  it  will  not  sur¬ 
vive  overpressures  in  the  1000  psi  range. 

Little  attention  appears  to  have  been  given  in  past  investigations 
to  the  use  of  so-called  "rigid  inclusions"  to  directly  record  stress 
within  the  rock  masses.  More  study  of  this  factor  would  appear  to  be 
warranted, 

Durelli  and  Riley  describe  a  type  of  cylindrical  diaphragm  gage 
which  employs  a  Baldwin  SR-4  type  A-19  strain  gage  as  a  sensing  element. 
The  device  was  embedded  in  Hysol  8530/CHe  and  tested  statically  and 
dynamically.  The  gage  was  subject  to  "arching",  and  gave  erratic  read¬ 
ings  for  static  and  dynamic  loading. 

Promising  results  wore  also  reported  for  a  foil  type  gage  embedded 
directly  in  the  Hysol.  Results  were  the  same  for  both  static  and  dynamic 
loading,  as  well  as  the  gage  being  of  high  sensitivity.  Further  research 
was  recommended  on  this  type  of  gage. 

Displacement  Instrumentation^.  Relative  displacement  versus  time 
measurements  have  been  made  within  tunnels  during  explosive  loading 
tests  utilizing  linear  potentiometers  having  strokes  of  +  1.250  inches. 
These  instruments  are  limited  to  use  at  medium  frequencies  due  to  the 
inertia  of  the  components. 
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CHAPTER  V 


ROCK  FAILURE 


Introduction 


The  majority  of  available  data  on  the  behavior  of  materials  under 
load  is  concerned  with  metals  and  the  theories  developed  have  been 
applied  primarily  to  metals  and  glasses.  Most  explanations  of  the  behav¬ 
ior  of  rock  materials  are  made  by  means  of  the  theory  of  elasticity,  at 
least  as  a  first  approximation,  Of  t he  theories  and  data  which  are  appli¬ 
cable  to  rock  a  very  large  percentage  is  concerned  with  response  to  static 
loading  only.  The  investigation  of  response  of  rock  to  impact  loading 
has  been  conducted  both  on  laboratory  and  field  scale  with  a  view  to  check 
the  applicability  of  the  tensile  (Hopkinson  bar)  theory  of  slabbing. 

Much  of  the  research  performed  by  the  US.  Bureau  of  Mines,  for  example, 
has  dealt  with  the  mechanism  of  true  crater  formation  by  high  explosives 
in  solid  rock.  Laboratory  tests  of  rock  materials  strained  in  flexure 
by  transient  loads  shows  a  high  degree  of  time  dependency  of  fracture 
strain.  Ground  motion  initiated  by  surface  and  underground  nuclear  de¬ 
tonations  have  been  theoretically  investigated  both  with  respect  to  sur¬ 
face  soil  response  and  the  reactions  of  deep  underground  rock  structures. 


Criteria  of  Fai lure 


Many  of  the  classical  and  modern  theories  of  limiting  states  of 
stress  and  conditions  of  mechanical  behavior  of  solids  are  reviewed  by 
Nadai' .  Such  criteria  are  based  largely  on  the  conditions  which  cause 
materials  (1)  to  deform  permanently  or  (2)  to  fail  by  fracture. 

As  a  generalization,  the  state  of  stress  of  a  body  may  be  determined 

by  six  quantities,  the  principal  stresses  a-.,  a2,  and  03,  and  ihe  direc¬ 
tion  of  the  principal  axes.  The  state  of  stress  necessary  to  cause  flow 
may  be  described  in  terms  of  the  principal  stresses,  i.e, 

fi  0.1 »  o2,  03)  -•  0  (5.1) 

which  represents  a  surface  in  terms  of  these  three  coordinates,  known  as 
the  limiting  surface  of  yielding.  Limited  features  of  the  shape  of  this 
surface  may  be  determined  from  observations  of  the  behavior  of  materials. 

For  a  state  of  hydrostatic  stress,  i.e  ,  c*  -  <3 5  -  op.  -  p  (p  >  0)  failure 

or  flow  does  not  occur  for  compact  crystalline  solids.  Hence,  the  deduc¬ 
tion  can  be  made  that  the  limiting  surface  of  yielding  cannot  intersect 
the  line  ■  ;  -  Og  =  03  Similarly,  it  may  be  deduced  that  another  surface 
exists  if  one  or  more  of  the  three  principal  stresses  are  tensile  such 
that  it  represents  the  limiting  states  of  stress  which  may  cause  rupture: 

fg  (°i,  og.  o_j)  0  (5.2) 

and  is  termed  the  limiting  surface  (if  rupture  While  the  exact  form  of 
this  surface  ordinarily  cannot  be  established,  some  plausible  assumptions 
may  be  made  concerning  it.  F01  a  series  or  metals  which  were  investigated 
with  cjg  =  00  the  shape  of  the  limiting  curve  in  two  coordinates  is  shown 
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in  Figure  5.1  which  represents  the  results  for  brittle  metals  and  has  con¬ 
siderable  applicability  to  rocks.  The  tests  were  either  simple  tension 
(A),  simple  compression  (B) ,  a  tension  test  with  superposed  lateral  hydro¬ 
static  pressure  (branch  AC)  or  by  rupturing  round  notched  bars  (branch  AD 
of  curve  a  and  branch  DE  of  curve  b) .  In  the  latter  tensile  tests  Oi  is 
the  axial  stress  and  a2  =  09  the  radial  stresses  at  the  minimum  section 
of  a  notch.  Data  point  C  resulted  from  a  hydrostatic  pressure  on  the  sur¬ 
face  of  a  cylindrical  bar  with  no  axial  stress,  and  point  D  to  state  of 
equal  triaxial  tension,  l.e.,  Lest  point  D  resulted  from  a  state  ot  equal 
triaxial  tension  stresses,  i.e.,  01  --  a2  :=  03.  If  a  brittle  material 
should  rupture  when  one  of  the  stresses  reaches  a  certain  value  in  tension 
independently  of  the  other  principal  stresses  the  test  points  would  fall 
along  either  of  the  lines  £  or  d.  These  lines  represent  the  theory  of  . 
maximum  stress  which  will  be  discussed  below.  Experimental  work  by  McAdams1 
thus  does  not  verify  the  theory  of  maximum  stress  since  fracture  may  occur 
in  a  state  of  pure  triaxial  tension  where  £  and  d_  intersect  at  a  stress 
(point  D) 

Ji  =  J2  =  03  >  0  (5.3) 

which  is  almost  twice  as  large  as  the  stress  in  simple  tension.  The  curve 
in  the  positive  quadrant  represents  fracture  conditions  when  all  three 
principal  stresses  are  in  tension,  and  is  different  in  character  than  when 
all  three  are  compressional .  In  many  materials  under  biaxial  compression 
oblique  shear  fractures  are  predominant.  It  would  also  appear  that  the 
distances  QA  and  OE  should  be  equal.  The  above  theory  is  not  Incompat¬ 
ible  with  the  Mohr  theory  of  strength  under  certain  assumptions. 


Theories  of  Strength 

The  principal  theories  of  strength  which  have  found  some  degree  of 
substantiation  are  as  follows1: 

1.  Maximum  Stress  Theory, 

2.  Maximum  Elastic  Strain  Theory  (St.  Venanf's  "Equivalent" 

Stress  Theory) . 

3.  Theory  of  Constant  Elastic  Energy  of  Deformation. 

4.  Theory  of  Constant  Elastic  Strain  Energy  of  Distortion  or  of 
Constant  Octahedral  Shearing  Stress. 

5.  Maximum  Shearing  Stress  Theory. 

6.  Mohr's  Theory  of  Strength. 

7.  Griffith's  Theory  of  Fracture. 

8.  Slip  of  T.oose  Granular  Material. 

9.  Octahedral  Stress  as  a  Function  of  Mean  Normal  Stress. 
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A  consideration  of  mechanisms  of  fracture  involves  distinguishing 
between  cleavage  and  shear  fracture,  which  does  not  necessarily  correspond 
with  the  classification  of  materials  being  either  "ductile"  or  "brittle". 
Under  conditions  of  high  hydrostatic  pressure  even  brittle  materials  be¬ 
come  plastic. 


Maxi^in_Stx^c£3_Thejjr^  The  basis  of  this  theory  is  that  the  maximum 
principle  stress  causes  failure  if  its  absolute  value  is  larger  than  those 
of  the  other  principal  stresses.  Nadai  points  out  that  this  theory  can¬ 
not  be  applied  as  a  criterion  of  yielding,  because  these  equal  tensile  or 
compressive  principal  stresses  should  cause  failure,  which  is  contrary 
to  observed  experimental  results.  That  is,  in  compact  materials  three 
equal  compressive  stresses  may  cause  only  elastic  distortion.  The  sur¬ 
face  (yielding  or  failure)  represented  is  a  cube,  the  faces  of  which  are 
spaced  symmetrically  around  the  origin  of  the  a1(  as,  system  of  co¬ 
ordinates.  Modified  forms  of  the  theory  give  cubes  as  failure  surfaces 
which  are  displaced  along  one  of  the  diagonals  of  the  coordinate  system. 
The  maximum  stress  theory  has  been  employed  by  the  Bureau  of  Mines  in 
evaluating  both  static  and  dynamic  rock  failure. 

Maximum  Elastic  Strain  Theory.  This  hypothesis  states  that  the  maxi¬ 
mum  possible  elastic  strain  causes  material  to  either  yield  or  fracture. 
Mathematically,  if  the  elastic  strain  is  positive,  then  the  expression  in 

Gi  •=  ~  [<?i  -  V(<r2  +  J3)  ]  <  I1  (5.4) 

the  brackets  should  be  smaller  than  the  positive  limiting  "equivalent" 
stress  a0,  i.e. , 

d!  -  v(as  +  a3)  <  a0  (5.5) 

For  simple  uniaxial  tension  the  lateral  strains  are  equal  to  vo/E,  and 
where  v  a  1/3  the  yield  stress  in  pure  compression  should  be  three  times 
that  in  tension.  This  does  not  correspond  with  the  observed  behavior  of 
metals.  Further,  the  theory  does  not  hold  for  equal  triaxial  stresses. 

The  limiting  surface  for  this  theory  is  two  inverted  three  sided  pyramids. 

Theory  of  Constant  Elastic  Energy  of  Deformation.  With  respect  to 
this  theory  Nadai  points  out  that  the  total  elastic  energy  at  transition 
to  the  plastic  state  can  have  no  significance  as  a  limiting  pressure  be¬ 
cause  large  amounts  of  elastic  energy  may  be  stored  without  causing  either 
fracture  or  permanent  deformation. 

Theory  of  Constant  Distortion  Elastic  Strain  Energy.  (Constant  Octa¬ 
hedral  Shearing  Stress).  The  strain  energy  of  distortion  is  equal  to  the 
total  eLastic  energy  minus  the  elastic  energy  of  volume  dilatation.  From 
Hooke's  Law: 

Eei  -  Oj.  -  V(o2  +  oj.) 

Eea  =  -  v(d3  +  a3)  (5.6) 


E€3  -  03  -  v(0!  +  (To) 


5.5 


The  total  strain  energy  is 

1/2  (aiei  +  c2e2  +  a3e3)  = 


c22  +  a32  -  2V(aiag  +  aaa  +  cria3)  ] 


(5.7) 


The  energy  due  to  change  in  volume  is 

1  -  2v 

1/6(0!  +  c2  +  03) (€1  +  ee  +  e3)  »  — — —  (ci  +  ffg  +  c3)2 
From  these  the  strain  energy  of  distortion  per  unit  volume  is: 

W  =  6C  ^aiE  +  apZ  +  032  "  0102  "  Ca°3  ~  °icr3) 

-  Y^G  ‘  °2)E  +  (ff2  ‘  ff3)£  +  ^ff3  '  ai)L^ 


(5.8) 


(5.9) 


For  the  ease  of  simple  tension,  i.e.,  for  01  »  c0,  o2  ■  a3  »  o, 

W  m  o02/6G,  or  for  constant  elastic  energy  of  distortion  2aD2  ■  const. 
The  octahedral  shearing  stress  is  also 

to  *  1  /3 £ (cti  -  o2)2  +  (ct2  -  c3)c  +  (03  -  ffj.)2]^  (5.10) 


By  comparing  with  the  previous  equations  it  is  seen  that  the  theory  of 
constant  elastic  distortion  strain  requires  that  the  octahedral  shearing 
stress  be  constant.  This  represents  a  limiting  surface  of  yielding  which 
is  a  circular  cylinder  whose  axis  corresponds  with  the  space  diagonal  in 
the  positive  quadrant.  It  does  not  intersect  the  line  tJi  ■»  cra  *»  03,  which 
excludes  states  of  hydrostatic  stress  from  causing  plastic  deformation. 

Its  applicability  to  rock  materials  has  not  been  determined. 


Theory  of  Maximum  Shearing:  Stress.  Some  observations  of  extrusion 
of  metals  led  to  the  assumption  that  the  plastic  state  is  created  in  them 
when  the  maximum  shearing  stress  just  reaches  the  internal  resistance  of 
the  metal  to  shear.  The  slip  planes  in  certain  materials  were  found  to 
be  inclined  at  45*  to  the  principal  stresses.  If  it  is  assumed  that 
Oi  >  o2  >  o3,  the  yield  condition  is  given  by 

Ci  -  03  ..... 

T  max  =  2 -  const.  (5.11) 

The  behavior  oi  certain  metals  under  triaxial  unequal  compression  stresses 
is  found  to  comply  fairly  well  with  the  maximum  stress  theory,  but  experi¬ 
mental  results  are  often  represented  more  satisfactorily  by  the  theory  of 
constant  octahedral  Both  of  these  theories  predict  that  the  yield 

stress  for  uniaxial  tension  and  compression  should  be  the  same.  If  one- 
of  the  principal  stresses  is  zero,  both  the  octahedral  and  the  maximum 
shearing  theory  may  be  represented  by  the  same  plane  figure  in  the  Oi, 
or2  plane. 

2 

Isaacson  has  proposed  the  theory  of  maximum  shearing  stress  as  a 
criterion  for  the  behavior  of  rocks  around  deep  mine  openings  in  India. 
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Mohr 'a  Theory  of  Failure.  Mohr' a  theory,  which  ut Hires  thp  well 
Known  stress  circle  and  the  envelope  to  a  family  of  circles  as  criteria 
pf  failure  of  materials  subject  to  biaxial  or  triaxial  stress  has  been 
applied  to  an  analysis  of  data  obtained  for  rocks  by  Balmer  .  The  em¬ 
pirical  equations  which  result  offer  only  one  analytical  approach  to  an 
evaluation  of  failure  parameters.  The  envelope  may  be  fitted  to  experi¬ 
mental  data  by  the  method  of  least  squares  or  ot„her  methods  of  curve 
fitting.  The  following  development  is  by  Balmer-5. 


Mohr's  circles  are  of  radius  °v  "  °x  located  at  coordinates 

a  +  a  2 

y  x 

(. —  .  0)  and  the  system  of  equations  are  represented  by  the  equation! 


(cr  +  a  )ls  c 

-  -  X- --S-  +  rs  •  (- 

L  2 


wh^re  0  and  T  are  the  normal  and  shearing  stress  at  failure. 


(5.12) 


For  triaxial  tests  Mohr's  assumption  that  the  intermediate  stress 
has  no  influence  on  failure  is  followed,  and  cylinders  which  are  stressed 
axially  and  normal  to  their  circumference  may  be  treated  as  if  stressed 
blaxlally.  The  parametric  equations  for  the  envelope  are  obtained  in 
the  usual  manner  by  differentiating  a  with  respect  to  ff  and  solving  the 

y  * 

resulting  equation  and  equation  (5.12)  for  a  and  r.  The  results  are} 


a 


a 

x 


(5.13) 


and 


T  «* 


(5.14) 


These  two  equations  give  the  normal  shear  stresses  at  failure  and  the  slope 
of  the  curve  relating  the  stresses.  These  are  represented  graphically  in 
Figure  5.2.  From  Mohr's  diagram  the  angle  of  failure  a  is  given  by: 


I 

tan  a-v 

x 

It  is  also  noted  that 


(5.15) 


2a  a  0  +  90' 


(5.16) 
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Also 


dT 

da 


3a 

^  “  1 

tan  0  =»  — - - 

2 

x 


(5.17) 


which  gives  the  mathematical  relationship  between  the  slope  of  the  stress 

da 

curve  and  that  of  Mohr's  envelope, 

x 

Balmer  suggests  two  methods  of  applying  the  above  theory  to  a  parti¬ 
cular  set  of  data:  (1)  select  a  function  for  Mohr's  envelope  which  fits 
the  data,  or  (2)  select  a  function  which  describes  the  relation  between 
the  axial  and  lateral  stresses.  The  required  function  in  either  case  is 
determined  by  curve  fitting,  usually  by  the  method  of  least  squares:  Both 
straight  and  curved  line  envelopes  are  suggested,  i.e.: 

X  =»  C  +  a  tan  0  (5.18) 

or 

°  b  +  a  (5.19) 

x  y 

Of  these,  the  curvilinear  analysis  is  the  simpler  and  is  preferable  for 
those  data  which  can  be  represented  by  a  straight  line. 

4 

Physical  property  tests  by  the  Bureau  of  Reclamation  ,  based  partially 
on  the  work  by  Balmer,  have  employed  Mohr's  envelope  as  a  means  of  evalu¬ 
ating  the  shear  strength  of  rock,  which  is  difficult  to  obtain  by  direct 
means.  The  envelope  gives  the  relationship  between  shearing  and  normal 
stress  at  failure.  In  the  results  reported  by  the  Bureau  of  Reclamation 
the  envelope  is  assumed  to  be  linear  and  its  equation  is  determined  by 
the  method  of  least  squares.  The  intercept  C  (equation  5,18)  is  called 
the  unit  cohesive  strength  or  the  shear  stress  at  zero  normal  stress, 
and  its  slope  tan  0  is  the  coefficient  of  internal  friction.  The  increase 
of  compressive  strength  with  lateral  restraint  is  also  plotted  to  yield 
a  visual  relationship  between  these  two  quantities. 

The  computed  Mohr's  envelope  is  taken  as  the  limiting  value  of  the 
shearing  stress  on  the  plane  of  failure  for  a  corresponding  normal  stress. 
Confidence  limits  are  established  to  take  into  account  the  dispersion  of 
laboratory  test  data.  The  confidence  limits  diverge  as  they  approach  the 
upper  and  lower  limits  of  recorded  data  indicating  that  extrapolation  is 
not  reliable. 

When  the  envelope  is  considered  to  be  a  curve,  the  coefficient  of 
internal  friction  is  variable  and  the  values  of  the  unit  cohesive  strength 
are  lower. 
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Griffith's  Theory  of  Fracture.  Experience  has  shown  that  isotropic 
brittle  materials  break  in  uniaxial  tension  when  the  tensile  stress  reaches 
a  critical  value,  that  of  the  brittle  (tensile)  strength.  In  very  thin 
fibers  the  strength  usually  increases  with  decreasing  diameter.  On  the 
other  hand,  the  tensile  fracture  surface  of  crystals  is  frequently  a 
crystallographic  plane  of  low  index  and  high  atomic  density  ("cleavage 
plane");  in  many  crystals  such  as  quartz,  however,  the  surface  of  fracture 
is  non-crystal lographic  and  has  the  same  appearance  as  that  in  glass. 
Crystallographic  fractures  obey  Sohncke's  law^,  that  is,  it  occurs  when 
the  normal  tensile  stress  to  the  cleavage  plane  attains  a  critical  value. 

It  has  been  found  that  in  alkali  halides,  for  example,  the  fracture 
cleavage  plane  is  (100)*,  and  the  critical  normal  stress  is  in  the  order 
of  20  bars.  One  of  the  simplest  ways  of  obtaining  a  rough  estimate  of 
the  molecular  cohesion  of  the  solid  is  found  in  surface  energy,  and  the 
elastic  energy  in  the  stressed  specimen  provides  the  surface  energy  for 
the  surfaces  of  fracture.  This  amounts  to  2 CK  for  a  specimen  of  unit 
cross  section  where  cx  is  the  specific  surface  energy.  It  is  postulated 
that  a  large  fraction  of  the  energy  2Q!  must  be  present  at  the  moment  of 
fracture  between  the  molecules  immediately  adjacent  to  the  surface  of 
fracture.  That  is,  if  is  a  fracture  stress,  and  ama/2E  is  the  energy 
density  (Hooke's  law)  the  total  energy  ao£m/2E  between  two  neighboring 
atomic  planes  of  spacing  a  should  be  of  the  order  of  magnitude  of  0!. 

Solving  for  crm  yields  mathematical  equation 

<Tm  -  (2QE/a)^  (5.20) 

For  certain  metals,  minerals,  and  glasses  of  similar  materials  E  is  of 
the  order  of  10s  or  106  bars,  while  the  corresponding  d  is  103  ergs/cm2 
and  that  of  a.,  3  x  10"s  cm.  The  critical  stress  for  these  materials 
must  therefore  be  of  the  order  of  1011  dynes/cm£  or  105  bars.  Tensile 
stresses  of  this  order  have  been  measured  in  especially  prepared  glasses, 
mica,  and  thin  tungsten  wires,  but  for  ordinary  materials  such  as  window 
glass  the  stress  is  only  1000  bars,  and  the  tensile  stress  of  common 
steels  and  other  metals  or  of  a  much  lower  order  of  magnitude  than  those 
predicted  by  the  estimated  values  of  molecular  cohesion. 

Griffith's  theory  of  failure*5  is  based  upon  the  assumption  that  the 
low  order  of  tensile  strength  in  common  materials  is  due  to  the  presence 
of  small  cracks  or  flaws.  Actual  stresses  may  occur  around  these  flaws 
which  are  of  the  order  of  magnitude  of  molecular  cohesion  values,  while 
the  average  tensile  strength  may  be  quite  low.  Based  upon  the  develop¬ 
ments  made  by  Inglis7  of  the  stress  distribution  around  an  elliptical  hole 
in  a  stressed  plate,  the  major  axis  being  2c  and  with  a  stress  o  perpendi¬ 
cular  to  the  major  axis,  the  highest  stress  occurs  at  the  ends  of  the 
major  axis  arid  is  equal  to 

om  =  2a(c/p)%  (5.21) 

in  which  p  is  the  radius  of  curvature  of  the  ellipse  at  the  ends  of  the 
major  axis.  It  will  be  noted  that  the  maximum  stress  goes  to  infinity 
as  p  is  decreased  to  0.  Utilizing  energy  relationships  Griffith  assumed 
that  the  crack  would  lengthen  and  would  lead  to  fracture  if,  for  a  small 
increase  of  its  length  equal  to  2c,  the  work  of  the  external  forces  were 
equal  to  the  Increase,  of  the  elastic  energy  around  the  crack  plus  its 
surface  energy.  It  can  be  readily  seen  that  specimen  surface  cracks  of 


*Crystal lographic  direction. 
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depth  e,  which  were  the  type  with  which  Griffith  worked  experimentally, 
will  produce  the  same  stress  concentration  a3  internal  cracks  of  lengths 
to  c.  It  can  be  shown  that  the  elastic  energy  in  a  plate  due  to  an  ellip¬ 
tical  crack  is  given  by  the  following: 


«  “*  ire '>oa/K  (5.22) 

this  holds  for  the  conditions  where  the  thickness  is  small  compared  with 
the  length  to  c  of  the  crack,  that  is,  if  there  is  a  state  of  plane  stress. 
On  the  other  hand,  if  the  thickness  is  large  compared  to  c,  a  condition 
of  plane  strain,  the  elastic  energy  due  to  the  presence  of  the  crack  is 
given  by: 

W  =  (1  -  Vs) irc2cre /E  (5.23) 

where  V  is  Poisson's  ratio.  The  work  of  the  external  forces  when  the 
crack  in  introduced  is  found  to  be  twice  the  excess  elastic  energy, 

We,  while  the  surface  energy  of  the  crack  is: 

Wg  «s  40c  (5.24) 

The  crack  is  said  to  be  in  unstable  equilibrium  with  the  external  forces 
if,  for  a  small  increase  of  its  length,  the  increase  of  the  surface 
energy  of  the  crack  and  of  the  excess  elastic  energy  is  just  equal  to 
the  work  done  by  the  external  forces,  this  may  be  expressed  mathematically 
by: 

dc  <We  “  Ws*  “  ^  °S  "  40  =  °  or  17  -  (20E/7Tc)^  (5.25) 

This  holds  for  a  thin  plate  and  the  corresponding  equation  for  a  thick 
plate  in  , 

0=  [20E/T7c(l  -  V2)]^  (5.26) 

Cracks  will  then  occur  and  fracture  processes  take  place  as  soon  as  the 
actual  stress  exceeds  the  values  given  in  Equation  5.25  or  5.26. 

The  Griffith  fracture  condition  may  also  be  derived  from  atomic  con¬ 
siderations.  The  smallest  radius  that  the  end  of  a  crack  may  have  is  the 
interatomic  distance  ja.  Hence,  if  p  is  replaced  by  _a  in  Equation  5.21 
and  It  is  divided  by  Equation  5.20,  the  value  of  the  mean  applied  stress 
at  which  the  crack  of  atomic  dimensions  equals  molecular  cohesion  is 

a  =  (OE/2c)^  (5.27) 

This  differs  from  Griffith's  condition  (Equation  5.25)  by  a  factor  of  ^ 
compared  to  2/tt. 

Griffith's  experiments  showed  that  the  dangerous  cracks  in  glass 
occurred  at  the  surface,  and  this  has  been  found  to  be  true  for  many 
cases  of  brittle  fracture.  The  theory  does  not  appear  to  be  applicable 
in  the  case  of  ductile  failure. 

One  important  question  related  to  the  Griffith  theory  is  whether  the 
number  of  dangerous  (effective)  cracks  must  be  large.  It  is  reasoned 
that  the  scatter  of  values  of  measured  strengths  of  brittle  materials  In¬ 
dicates  that  the  number  cannot  be  large. 
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Orowan  points  out  that  in  polycrystalline  metals  which  contain  two 
textural  elements,  crystal  grains  and  grain  boundaries,  the  mechanical 
behavior  of  the  two  is  fundamentally  different.  Plastic  slip  in  the  grains 
begins  when  the  shear  stress  in  the  slip  plane  reaches  a  well  defined 
critical  value.  Critical  shear  stress  does  hot  change  rapidly  with  tem¬ 
perature  and  remains  finite  up  to  the  melting  point.  On  the  other  hand 
the  grain  boundaries  show  all  the  characteristic  features  of  viscosity 
as  produced  by  a  disorderly  arrangement  of  atoms  or  molecules.  Bounda¬ 
ries  show  no  yield  stress,  and  the  rate  of  sliding  of  adjacent  grains 
would  probably  be  proportional  to  the  shear  stress  if  the  surfaces  were 
even  and  the  grains  could  slide  without  geometrical  nonconformity.  Due 
to  the  "keying"  of  grains  the  rate  of  boundary  sliding  diminishes  after 
a  small  deformation  and  disappears.  If  the  intercrystalline  cohesion 
is  low,  the  boundaries  may  become  the  weakest  element  in  the  solid. 

When  fracture  occurs  it  runs  along  them.  This  is  characteristic  of 
brittle  fracture. 

g 

As  outlined  above  ♦•he  basic  hypotheses  of  the  Griffith  failure 
theory  utilize  the  evaluation  of  potential  strain  energy  and  surface 
energy  of  cracks.  The  energy  of  a  crack  is  proportional  to  its  sur¬ 
face  energy  and  results  in  equal  reduction  of  strain  energy  about  the 
crack  when  fracture  takes  place.  That  is,  an  increase  of  potential 
energy  due  to  the  surface  tension  of  the  crack  must  be  balanced  by  the 
decrease  in  the  potential  of  the  strain  energy  and  the  applied  forces. 
Disparity  between  observed  theoretical  rupture  stresses  and  strength  ob¬ 
served  in  ordinary  tensile  stresses  leads  one  to  seek  for  a  reason  for 
the  low  order  of  observed  rupture  stress.  Griffith  attributes  these  to 
three  possible  reasons:  (1)  In  heterogeneous  materials  a  mutual  surface 
tension  may  excess  between  different  constituents  to  cause  concentrations 
of  energy.  (2)  The  material  may  possess  high  order  residual  stresses. 

(3)  It  may  contain  small  cracks  due  to  manufacturing  processes  or  other 
reasons . 

The  latter  reason  seems  to  offer  the  most  fruitful  avenue  for  inves¬ 
tigation  of  possible  cause  of  defect  of  strength.  The  application  of 
Hooke's  law  to  an  analysis  of  stresses  about  small  elliptical  cracks  was 
made  by  Inglia?  for  a  two  dimensional  elastic  case.  The  equation  was 
solved  by  a  means  of  elliptic  coordinates  in  cf  and  p  obtained  by  the  con¬ 
formal  transformation: 


x  *  iy  *>  c  cos  (a  +  ip)  (5.28) 

A  condition  that  a  crack  in  a  thin  plate  (See  Figure  5.3)  may  be  extended, 
that  is,  that  a  rupture  may  occur,  is  found  by  making  a  stipulation  that 
the  total  energy  remain  unchanged  by  small  variations  in  the  length  of 
the  crack.  The  equation  for  this  condition  is  as  follows: 

» '5-29> 

where  a  is  the  component  of  the  applied  force  or  stress  normal  to  the 
direction  of  the  crack,  2c  is  the  length  of  the  crack,  and  E  and  T  are 
respectively  Young's  modulus  and  the  surface  tension  of  the  material. 

The  component  of  the  applied  force  S  parallel  to  the  crack  has  no  in¬ 
fluence  on  the  rupture  stress.  A  maximum  stress,  om,  at  the  ends  of  the 
crack  has  been  given  by  Equation  5.21. 
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(5.30) 


where  p  is  the  radius  of  curvature  of  the  corners  of  the  crack,  provided 
p  is  small  compared  with  c.  This  follows  from  the  expression  derived  by 
Inglis: 


a  ~  a(l  +  2~) 
m  d 


(5.31) 


which  holds  for  an  elliptic  hole  of  semi-axes  a  and  b.  Equation  5.30 
indicates  that  the  rupture  stress  of  the  material  is  constant  if  p  and 
c  are  constant. 


For  the  case  of  plane  strain  the  force  necessary  to  cause  rupture  is: 


Ri 

where  V  is  Poisson's  ratio. 


(5.32) 


The  strain  energy  of  the  material  at  the  point  of  rupture  may  be 
calculated  easily  as  follows: 


2K  2E  (1  -  V2)  wp 


(5.33) 


that  is,  the  same  amount  of  energy  is  required  for  rupture  in  botn  the 
cases  of  plane  stress  and  plane  strain.  To  ascertain  the  effect  of  a 
number  of  cracks  randomly  oriented  in  a  given  material,  it  is  assumed 
first  that  the  cracks  are  so  far  apart  that  the  maximum  stress  due  to 
any  crack  is  not  seriously  affected  by  the  adjacent  cracks.  This  follows 
directly  from  an  application  of  de  St.-Venant's  theory.  It  cannot  be 
applied  to  determine  absolute  strength  unless  the  sizes  of  the  cracks 
are  known.  However,  it  can  be  employed  to  give  a  close  approximation. 
Thus,  for  a  crack  which  is  oriented  at  an  angle  8  to  the  horizontal,  the 
expression  for  the  stress  at  the  ends  of  the  crack  for  a  plate  which  has 
forces  Q  and  P  applied  at  the  outer  edges  is  given  by: 


Rpp  =(p  +  Q)slnh  2q o  +(P-q)(e2ao  cos  2p  -  l)cos  20  +(P-Q)e2a°  sin  2|3  sin  20 


cosh  2a  -  cos  2J3 


(5.34) 

where  0£o  is  the  parameter  of  the  ellipse  corresponding  with  the  edge  of 
the  crack,  and  0  is  the  coordinate  which  specifies  the  position  of  points 
on  the  ellipse.  The  direction  R,.ft  is  parallel  to  the  edge  of  the  crack. 

It  is  postulated  that  tensile  stresses  are  positive  and  that  P  is  alge¬ 
braically  greater  than  Q.  For  values  of  8  and  0  for  which  R„  is  a 
maximum,  it  is  found  that  in  genera,^.,  is  a  maximum  at  tw6  pairs  of 

points  in  each  crack.  If  0  =*  0  or  — ,  these  points  occur  at  the  ends  of 
the  major  and  minor  axes  respectively.  However,  for  all  other  values  of 
8  both  pairs  are  very  near  the  ends  of  the  major  axis.  Also,  one  pair  of 
maximum  stresses  is  usually  tensile  and  the  other  compressive.  By  imposing 
the  condition  that  the  maximum  tensile  stress  so  found  is  constant  it 
follows  that  the  required  laws  of  rupture  are.  as  follows:  (Figure  5.4) 


Figure  5.4.  Diagrammatic  representation  of  crack  and  stress  system  for 
angular  orientation  -  Griffith  theory. 
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(1)  If  3P  +  Q  is  positive*  the  condition  for  rupture  is: 

P  =-•  K,  (5.35) 

where  K  is  a  constant  which  depends  on  the  properties  of  the  material 
and  the  dimensions  of  the  cracks. 

(2)  If  3P  +  Q  is  negative,  the  rupture  condition  is  given  by  the 
equation: 

(P  -  Q)s  +  8  K(P  +  C)>  =  o  (5.36) 

For  oblique  fracture  the  equation  for  the  angle  of  fracture  is  given  by: 

cos  2  0  =  -  j  (P  -  Q)/(P  +  Q)  (5.37) 

Griffith  notes  further  that  in  comparative  tensile  and  compressive 
tests  of  stone  and  light  materials  that  the  crushing  (compressive)  strength 
is  from  7  to  LI  times  the  tensile  strength,  and  that  the  angle  of  fracture 
is  oblique. 

A  comparison  of  Mohr's  and  Griffith's  theories  of  failure  has  been 
made  by  Clausing'.  He  shows  that  the  relationship  between  the  principle 
stresses  and  failure  given  by  Griffith's  theory  are  as  depicted  in  Figure 
5.5  and  those  given  by  Mohr's  theory  are  given  in  Figure  5.6.  For  each 
case  it  can  be  shown,  for  certain  conditions,  that  the  angle  of  failure 
is  given  by  the  expression: 

tan  e  =  — '  — ' (5.38) 

V  dQ 

Thus,  Mohr's  theory  predicts  that  fialure  of  materials  is  due  to  failure 
in  shear  while  Griffith's  theory  postulates  that  it  is  due  to  failure  at 
crack  tips.  But  each  theory  may  lead  to  the  same  conclusion  concerning 
the  angle  of  failure.  Thus,  if  it  can  be  postulated  that  the  friction 
angle  utilized  in  the  Mohr's  theory  may  not  be  constant,  the  two  theories 
are  in  practical  agreement.  If  on  the  other  hand  the  angle  of  friction 
in  the  Mohr  theory  must  be  held  constant  then  the  two  theories  are  not 
in  agreement  in  that  the  slope  of  the  tangent  to  Mohr's  circles  is  not 
constant  for  all  materials  as  predicted  by  a  constant  friction  angle  and 
should  not  be  represented  by  a  straight  line. 

Nadai^  points  out  that  the  great  value  and  importance  of  the  Griffith 
theory  are  in  having  shown  that  the  tensile  strength  Oi  of  amorphous 
solids  depends  on  a  few  physical  parameters  such  as  the  "average"  length 
2c  of  the  hypothetical  flaws  or  cracks,  the  modulus  of  elasticity  E,  and 
the  surface  tension  T.  Further,  the  conditions  for  fracture  in  certain 
cases  can  be  understood  by  investigating  the  equilibrium  of  the  stresses 
about  such  weakened  regions  of  small  but  finite  size  in  which  an  exchange 
of  energies  of  different  characters  takes  place  which  causes  the  propa¬ 
gation  of  growth  of  weaker  regions.  Thus,  the  phenomena  of  fracture  might 
he  investigated  from  the  point  of  view  of  separation  of  crystal  lattices, 
or  the  mechanical  equilibrium  of  forces  in  finite  regions  where  one  type 
of  energy  may  change  to  another,  which  weakens  the  material  and  may  lead 
to  rupture. 
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Rock  Bursts 


The  phenomena  of  rock  bursts  are  analogous  In  many  respects  to 
those  failures  which  might  be  expected  to  occur  when  rock  structures 
close  to  an  underground  protective  installation  are  subjected  to  the 
overpressures  induced  by  a  nuclear  explosion  at  the  surface  over  the 
installation.  The  primary  differences  arc  related  to  the  time  to  build 
up  critical  stresses  in  the  rock,  i.e.,  pressure  rise  times,  accelera¬ 
tions,  particle  velocities,  etc.  Failure  theories  are  explanatory  only. 

In  mining  experience  a  rock  burst  is  the  occurrence  of  the  rupture 
of  a  mass  of  strained  rock  in  such  a  manner  that  a  portion  of  the  accumu¬ 
lated  strain  energy  is  released  in  a  short  period  of  time.  Types  of 
failures  vary  from  splitting  off  of  small  slabs  of  rock  from  a  mine  well 
or  face  to  the  collapse  of  large  pillars,  roofs,  or  other  massive  portions 
of  the  mine  structure.  The  build-up  of  strain  energy  above  those  existing 
prior  to  excavation  may  have  taken  months  to  accomplish  and  it  continues 
to  accumulate  until  some  critical  area  of  the  rock  is  strained  to  failure. 

On  the  other  hand,  the  build-up  of  total  strain  energy  found  in  rock 
strained  by  transient  loads  is  characterized  by  three  separate  states  of 
stress,  the  first  two  of  which  are  common  with  rock  burst  phenomena. 

The  first  is  the  stressed  condition  of  the  rock  in  its  natural  state  be¬ 
fore  any  openings  are  made  in  it.  These  stresses  are  due  to  the  weight 
of  overlying  rock  and  to  any  residual  tectonic  stresses  which  may  have 
caused  deformation.  Included  also  would  be  certain  stress  concentrations 
due  to  structural  discontinuities  in  the  rock,  chemical  processes,  etc. 

The  second  type  of  stress  is  that  which  is  induced  by  the  introduction 
of  openings  into  the  rock.  These  have  an  effect  of  further  distorting 
the  natural  static  stress  field  and  of  creating  stress  concentrations, 
usually  at  or  near  the  periphry  of  the  opening  (See  Chapter  VI)  .  Inter¬ 
section  of  an  opening  with  structural  discontinuities  of  the  rock  may 
create  areas  of  high  local  stress  concentration.  The  ratio  of  the  latter  to 
an  ideal  free  stress  field  may  be  viewed  as  a  stress  multiplication  fac¬ 
tor  which  in  many  cases  will  increase  the  effect  of  a  third  type,  or 
transient  field,  due  to  a  surface  explosion.  One  may  conclude,  therefore, 
that  many  of  the  criteria  for  failure  of  rock  structures  under  rock  burst 
conditions  will  be  similar  to  those  of  failure  in  underground  protective 
structures . 

Some  observations  by  Morrison^  are  based  on  the  concept  of  a  "pressure 
ring"  about  a  large  excavated  area.  This  is  evidenced  by  distortion  of 
the  openings  near  the  main  excavation.  Shear  cracks  appear  and  minor 
slabbing  of  rock  takes  place.  Thus,  it  is  postulated  that  the  stress  con¬ 
centration  at  the  surface  of  the  opening  is  relieved  and  the  areas  of 
higher  stress  move  back  into  the  surrounding  rock  where  stability  is 
re-established.  This  new  area  is  referred  to  as  a  dome.  On  the  basis 
of  this  analogy  the  following  is  postulated  by  Morrison: 

1.  When  the  excavation  has  been  made  stability  is  re-established 
in  the  rock  by  the  formation  of  a  new  stress  zone  which  results  from  an 
elastic  movement  of  rock  toward  the  excavation.  The  rock  within  this  zone 
is  likely  to  fail  and  form  a  fracture  zone.  The  surface  between  the 
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fracture  zone  and  the  area  of  maximum  stress  is  referred  to  as  a  dome, 
the  stress  being  a  function  of  the  shape  of  the  dome 

2.  The  size  of  the  excavation  is  the  controlling  factor  in  the  for¬ 
mation  of  the  dome.  Under  otherwise  similar  conditions  the  shortest  span 
controls  the  depth  into  the  walls  to  which  doming  takes  place  as  well  as 
the  magnitude  and  distribution  of  stress. 

3.  The  stress  pattern  resulting  from  the  excavation  of  an  opening 
is  a  composite  of  all  other  stress  fields  in  the  locality. 

The  existence  of  such  fracture  zones  in  mine  rock  subject  to  rock 
bursts  is  generally  conceded  to  exist  and  the  energy  which  is  released  by 
rock  hursts  is  that  associated  with  the  sudden  transition  from  a  solid 
strained  state  to  a  fractured  constrained  state. 

Rock  Burst  Energy.  Only  estimates  of  the  energy  released  by  rock 
bursts  are  available.  The  seismic  waves  associated  with  the  burst  of  a 
shaft  pillar  at  the  Lake  Shore  Mine  in  Canada  were  picked  up  at  Weston, 
Massachusetts,  580  miles  away-^.  Estimates  of  seismic  wave  energy  on  the 
Kolar  Gold  Fields  in  India  have  been  estimated  as  being  in  the  order  of 
15  million  foot  tons.  Leet^  has  estimated  a  figure  of  50  million  foot 
tons  for  certain  bursts  in  South  Africa,  while  Morrison  suggests  that 
major  bursts  result  in  the  release  of  as  much  as  500  million  foot  tons 
of  energy.  The  latter  figure  implies  that  about  250  million  cubic  feet 
of  rock  would  be  relieved  of  its  strain  energy. 

The  conditions  which  influence  rock  bursts  in  mines  are  (1)  the  area 
of  the  excavation,  (2)  the  shortest  roof  span,  (3)  stress  pattern  and  con¬ 
centration,  (4)  types  of  rock  involved,  (5)  directions  of  planes  of  weak¬ 
ness  in  the  rock,  and  (6)  the  dip  of  the  mineral  deposit. 

The  heaviest  rock  bursts  are  attributable  to  pillar  failure.  Where 
zones  of  weakness  cross  a  working  area  or  a  drift  (tunnel)  these  may 
form  unstable  structures.  Multiple  stress  zones  created  by  multiple  ad¬ 
jacent  openings  should  be  avoided  at  all  costs  because  they  create  over¬ 
lapping  stress  zones,  the  effect  of  which  is  usually  additive. 
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It  is  further  noted  by  Roux  and  Denkhaus  that  when  an  excavation 
is  made  at  great  depth  failure  planes  appear  at  its  surfaces,  extending 
into  the  walls.  In  drifts  (tunnels)  of  7  x  8  feet  cross  section  the 
fracture  zone  may  extend  as  far  as  20  feet  into  the  surrounding  rock. 

The  fractured  ground  within  the  fracture  zone  is  called  intradosal  and 
that  outside  of  the  fracture  zone  extradosal .  In  many  mines  extradosal 
bursts  occur  more  frequently  than  intradosal.  That  is,  the  extradosal 
ground  ahead  of  the  working  face  serves  as  an  abutment  which  supports  the 
superincumbent  rock  to  the  surface,  (Figures  5.7  and  5.8). 

Distressing  of  working  faces,  which  moves  the  zones  of  high  stress 
back  into  the  rock  mass  is  practiced  in  many  deep  South  African  mines. 

It  is  accomplished  by  drilling  holes  10  feet  deep  into  the  rock  on  5  foot 
centers  and  fracturing  the  rock,  in  place,  by  moderate  size  charges  of  H.E. 


de-stressing 


Figure  5.8a.  Probable  effect  of  artificial  de-stressing  on  the  stress 
distribution  ahead  of  the  face. 


Figure  5.8b,  Probable  effect  of  natural  de-stressing  on  the  stress 
distribution  ahead  of  the  face. 
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In  general,  i.t  has  been  found  necessary  to  avoid  creating  such  under¬ 
ground  structures  as  small  pillars,  pillars  with  acute  angles  in  horizon¬ 
tal  cross  section,  or  in  fact,  any  type  of  structure  which  will  permit 
the  occurrence  of  high  stress  concentrations.  Thus,  drifts  (tunnels) 
should  not  be  driven  parallel  and  within  critical  distances  of  faults. 

Jtfhen  faults  or  similar  structure  are  to  be  crossed  the  underground 
opening  should  be  driven  at  right  angles  to  the  structure. 

The  effect  on  stress  concentration  of  decreasing  the  size  of  remnants 
is  shown  in  Figure  5.9,  where  the  P  represents  the  peak  stresses  and  the 
C  the  core  stresses. 


Mechanisms  of  Dynamic  Failure 


General 


The  mechanism  of  failure  of  rock  is  very  closely  associated  with  the 
environment  which  causes  failure.  Of  these,  the  geometry  of  the  body 
loaded  as  well  as  the  geometry  of  the  loading  force  are  primary  factors. 

In  addition,  the  type  of  stresses  created,  confinement,  magnitude  and  time 
distribution  of  the  loading  force  may  have  controlling  effects.  For  exam¬ 
ple,  a  semi-infinite  medium  may  be  loaded  at  essentially  a  surface  point, 
or  it  may  be  loaded  internally  at  varying  distances  from  its  free  surface. 
Quite  different  results  are  observed  for  a  finite  body,  such  as  a  beam, 
which  is  loaded  in  bending.  As  is  the  case  for  compact  solids  failure 
under  dynamic  loading  is  usually  due  to  tension  or  shear  stresses. 

Porous  media  may  apparently  fail  ir.  compression,  but  the  basic  failure 
of  constituent  grains  or  the  binding  material  is  due  to  tension  or  shear. 
These  concepts  appear  to  be  applicable  whether  failure  occurs  in  the 
elastic  range  as  a  fracture,  as  plastic  flow  or  plastic  flow  and  subse¬ 
quent  fracture. 

Failure  Due  to  Plane  Tension  Waves.  One  of  the  most  widely  used 
mechanisms  employed  to  explain  failure  of  rock  in  many  blasting  processes 
is  the  "Hopklnson  bar"  principle.  In  the  original  Hopkinson  experiment 
a  compressive  wave  in  a  steel  bar  was  permitted  to  reflect  as  a  tension 
wave  from  a  free  end  of  the  bar,  causing  a  glued  segment  on  the  free  end 
to  fly  off  when  the  magnitude  of  the  tension  in  the  reflected  wave  be¬ 
came  large  enough  to  break  the  bond.  This  principle  for  massive  solids 
is  illustrated  in  Figure  5.10  in  its  application  to  slabbing  of  rock  at 
a  free  surface  by  a  compression  wave  impinging  on  that  surface.  The 
manner  of  slabbing  is  determined  largely  by  the  rise  and  fall  times  of 
the  pulse,  and  the  Bureau  of  Mines1  utilizes  the  static  breaking  strain 
in  tension  as  a  criterion  for  evaluating  the  control  factor  In  slab 
formation.  That  is,  it  was  assumed  that  the  fracture  strain  under  dy¬ 
namic  loading  could  be  approximated  by  that  which  caused  fracture  under 
static  conditions.  This  mechanism  was  also  employed  to  account  for  a 
large  part  of  the  breakage  which  occurs  in  the  formation  of  craters  in 
rock  by  means  of  buried  HE  charges  of  small  sizes. 


5.24 


Breakage  Processes.  In  underground  explosion  tests  damage  may  be 
analyzed  on  the  basis  that  (1)  the  tunnel  is  small  compared  to  the  length 
of  the  strain  wave  or  pulse  and  that  failure  occurs  in  much  the  same  man¬ 
ner  as  in  a  static  stress  field,  or  (2)  that  the  tunnel  is  large  compared 
to  the  length  of  the  strain  pulse  and  damage  is  caused  largely  by  reflec¬ 
tion  from  free  surfaces  of  the  tunnel.  Where  the  explosive  cavity  and 
tunnel  are  relatively  close  together  and  the  explosive  cavity  is  not  less 
than  about  one-fourth  the  diameter  of  the  tunnel,  recent  research  with 
burn  cut  rounds  indicates  that  shear  mechanisms  tnay  also  be  of  importance 
on  a  very  small  scale. ^ 

The  reflection  mechanism  and  the  mechanism  of  shattering  may  be  of 
importance  in  damage  to  tunnels  or  other  openings  because  the  relationship 
between  pulse  magnitude,  pulse  length,  geologic  structure  and  the  size  of 
opening  may  be  in  a  critical  range. 

Strain  Reflection.^  When  a  longitudinal  compressive  wave  in  solid 
media  is  incident  upon  a  free  boundary  both  a  longitudinal  and  a  trans¬ 
verse  wave  are  reflected.  For  angles  of  incidence  of  less  than  50°  a 
compressive  wave  is  reflected  as  a  tensile  wave  and  most  of  the  energy 
is  contained  in  this  wave.  Figure  5.11  shows  a  simplified  triangular 
strain  wave  impinging  on  a  free  surface  at  normal  incidence.  The  dotted 
lines  beluw  the  coordinate  lino  represent  the  cancelled  portion  of  the 
incident  compression  pulse  and  the  dotted  line  above  represents  the  can¬ 
celled  portion  of  the  reflection  tension  pulse  and  the  solid  line  repre¬ 
sents  the  resultant  or  actual  pulse.  Inasmuch  as  rock  is  much  weaker  in 
tension  than  in  compression  or  shear  the  reflected  tensile  pulse  may  break 
the  rock.  A  study  of  Figure  5.11  shows  that  the  tensile  strain  rises  to 
its  maximum  value  at  a  distance  from  the  free  surface  equal  to  half  the 
length  of  the  incident  compressive  pulse.  Before  it  reaches  this  maximum 
the  magnitude  of  the  tensile  strain  developed  during  reflection  depends 
primarily  upon  the  shape  of  the  decay  portion  of  the  incident  compressive 
pulse.  The  shape  of  the  rising  portion  of  the  pulse  does  not  affect  the 
magnitude  or  location  of  the  peak  tensile  strain  but  it  may  affect  the 
position  where  breaking  strain  is  initially  developed. 

The  process  of  tensile  slab  fracturing  is  illustrated  in  Figure  5.10, 
A  compressive  pulse  impinges  on  a  free  surface  and  is  reflected  as  a 
tensile  pulse.  After  a  given  time  the  tensile  strain  developed  becomes 
equal  to  the  dynamic  tensile  breaking  strain  of  the  rock  and  a  crack 
develops  at  the  point  of  maximum  strain.  The  surface  of  this  crack  acts 
as  a  new  face  from,  which  the  remainder  of  the  impinging  wave  will  reflect. 
The  slab  thus  formed  will  move  forward  because  of  the  entrapped  energy  in 
the  form  of  particle  velocity.  This  process  continues  until  the  tensile 
strain  developed  is  less  than  the  tensile  breaking  strain  of  the  rock. 

In  general,  the  number  of  slabs  produced  in  such  a  reflection  process 
equals  the  first  whole  number  less  than  the  ratio  of  the  magnitude  of 
the  fall  strain  pulse  to  that  of  the  breaking  strain  of  the  rock. 

This  theory  predicts  that  the  depth  of  a  crater  broken  by  a  speri- 
cal  charge  should  equal  approximately  half  of  the  fall  length  of  the 
strain  pulse,  provided  that  half  of  the  fall  length  of  the  strain  pulse 
is  less  than  the  charge  depth  and  the  charge  is  sufficiently  large  to 
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Figure  5.11,  Reflection  of  a  triangular  compressive  strain  pulse. 
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produce  a  fall  strain  several  times  larger  than  the  breaking  strain  of 
the  rock.  However,  if  half  of  the  fall  length  of  the  strain  pulse  is 
greater  than  the  charge  depth  the  rock  will  break  only  to  the  crushed 
zone  around  the  charge.  If  approximately  horizontal  slabs  develop  near 
the  crushed  zone  the  curvature  of  the  remaining  wave  causes  it  to  reflect 
from  the  new  free  surface  at  large  angles  and  it  can  develop  only  small 
tensile  strains  at  large  horizontal  distances.  Experimental  crater  data 
illustrate  the  limitations  on  crater  depth  and  crater  radius  by  these 
two  factors. 

Theory  and  field  results  were  found  to  agreed  in  four  types  of 
rock  within  reasonable  limits.  When  the  fall  strain  is  only  slightly 
greater  than  the  tensile  breaking  strain  of  the  rock,  one  slab  is  formed, 
when  twice  as  grpat  two  slabs,  etc.,  until  the  crater  depth  Dk  equals  the 
charge  depth  D.  Quantitatively,  however,  the  reflection  theory  predicts 
greater  crater  depths  than  are  obtained  experimentally. 


Crater  Tests  -  USA  CE16  and  USBM14 

General .  The  results  of  crater  tests  performed  by  the  Corps  of 
Engineers  and  the  Bureau  of  Mines  provide  the  only  relatively  complete 
data  in  the  literature  which  are  related  to  damage  of  tunnels  in  solid 
rock  by  HE.  Certain  experiments  were  carried  out  primarily  to  determine 
the  critical  scaled  distances  between  charges  and  underground  openings 
where  damage  would  not  occur.  These  tests  included  a  large  range  of 
charge  sizes  of  TNT  and  a  whole  range  of  scaled  distances,  charge  to 
tunnel,  from  those  causing  no  damage  to  those  causing  maximum  damage. 

The  Bureau  of  Mines  tests  were  designed  to  verify  the  reflection  theory 
of  rock  breakage  and  to  define  critical  parameters  in  blasting  of  rock. 

The  first  group  of  tests  were  made  in  Navajo  sandstone,  Unaweep  granite 
and  limestone  at  Dugway  Proving  Grounds,  and  the  second  in  Lithonia 
granite,  Green  River  Marlstone,  Kanawha  sandstone  and  Niobara  chalk. 

Nomenclature  of  Crater  Tests.  The  nomenclature  employed  by  the 
Bureau  of  Mines  is  given  below.  Figure  5.12  illustrates  some  of  the 
dimensions  of  a  crater  formed  by  a  confined  explosive  charge.  Applica¬ 
ble  definitions  are  as  follows: 

Ak  =  Area  of  crater  at  surface 

=  Radius  of  crater  at  surface  =  A^/tt 
D  =  Depth  to  center  of  gravity  of  charge 
W  =  Weight  of  explosive  in  pounds 

Vk  =  Volume  of  crater  computed  by  rotating  each  quadrant 
through  90°,  i.e. 

vk  =  \  *  r2A2  +  r3A3  +  r^) 

where  A^,  A2,  Aa,  Aa  are  the  areas  of  each  half  cross  sections,  and  r^,  r£, 
r3  and  r4  are  the  radii  of  their  respective  centers  of  gravity. 


Stemming 
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R  =  Radius  of  rupture  ■■■  R.j| 

I  =  Scale  factor  =  SVW,  defined  in  feet 

The  scale  factor  r  as  a  standard  practice  is  defined  as  a  length  in 
feet  which  is  numerically  equal  to  the  cube  root  of  the  charge  weight  in 
pounds.  Thus  linear  dimensions  are  scaled  by  dividing  by  r‘  areas  by  r® 
and  volumes  7 3.  Strain  is  a  length  ratio  and  is  consequently  a  scaled 
quantity.  Time  is  also  scaled  by  dividing  by  r  and  thus  scaled  time  mul¬ 
tiplied  by  velocity  yields  scaled  distance. 

Critical  Factors  in  Effective  Breakage.  The  critical  factors  in  ef¬ 
fective  breakage  can  be  defined  in  terms  of  scaled  crater  dimensions. 

They  are  scaled  charge  depth  D/T,  scaled  crater  depth  P^/r,  scaled  crater 
volume  V^/W,  and  scaled  crater  radius  of  rupture  R/T. 

In  the  large  majority  of  efficient  blasting  processes  it  is  believed 
necessary  that  the  rock  break  approximately  to  the  explosive  charge  posi¬ 
tion.  This  would  require  for  effective  blasting  of  craters  that  /D  » 
1.00.  The  allowable  variation  from  this  ideal  condition  is  discussed  in 
connection  with  types  of  rock  in  a  later  section,  Effective  scaled  charge 
depths  lie  in  the  range  of  0.9  to  1.6  and  are  cf  approximately  the  same 
magnitude  for  rocks  of  similar  physical  properties.  I he  corresponding 
scaled  crater  radii  vary  from  2  to  4,  scaled  radii,  of  rupture  from  2.2 
to  4.5,  all  depending  upon  the  type  of  rock,  and  to  a  1 imited  extent  on 
the  type  of  explosive,  diameter  of  charge  hole,  geologic  structure  of  the 
rock,  and  related  factors.  Scaled  crater  volume,  whose  units  are  cu  ft/lb, 
is  one  of  the  best  measures  of  the  efficiency  of  a  single  blast.  The  best 
criteria  for  determining  size  and  depth  of  charges  appears  at  present  to 
be  a  combination  of  values  of  scaled  charge  depth,  scaled  crater  depth 
and  scaled  crater  volume.  Scaled  crater  radius  and  scaled  radius  of  rup¬ 
ture  are  similarly  the  best  means  of  fixing  Lhe  optimum  value  for  charge 
spacing. 

Of  the  above  parameters  the  only  one  which  the-  reflection  mechanism 
predicts  directly  is  the  crater  depth.  The  reflection  theory  has  been 
employed  successfully  in  predicting  crater  depths  to  a  reasonable  degree 
of  accuracy  and  critical  depths  at'  which  conf  Lned  '.barges  must  be  placed 
in  order  that  surface  damage  will  be  caused  by  the  detonation.  If  the 
theoretical  crater  depth  is  equal,  to  half  the  fell  length  (Se<  figure 
5.13)  of  the  strain  pulse,  then, 

1  =  (5.  .39) 


The  total  distance  I,  travelled  by  the  strain  pulse  lor  a  full  crater  is 
the  charge  depth  plus  one-half  the  fall  length.  Thus, 

_P_  _L_  CCf 

2  r 


r 


(5.40) 


A  =  Start  of  trace 

B  =  Detonation  of  charge 

C  =  Start  of  strain  pulse 

D  =  Peak  of  compressive  strain 

E  -  End  of  fall  strain 

t0=  Arrival  time  for  start  of  pulse 


tr  =  Rise  time 
tf  =  Fall  time 

Ip  =  Arrival  lime  for  peak  strain 
€'  =  Peak  compressive  slrain 
€*  =  Fall  strain 
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Kluuro  5.13.  Strain  Record  Measurements. 
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From  these  two  equations  the  relation  between  charge  depth  and  crater 
depth  may  be  calculated.  This  was  done  in  the  USBM  tests  for  four  rock 
types  and  it  was  found  that  the  average  observed  experimental  depths 
were  always  less  than  those  computed  from  the  above  equation. 

Rocks  Tested.  Physical  properties  of  the  rock-types  in  which  USA  CE 
and  USBM  crater  tests  were  made  are  given  in  Table  5.1.  Data  on  crater 
tests  are  given  in  Tables  5.2  and  5.3. 

As  stated  above  three  types  of  rock  were  tested  in  the  UET  program 
and  four  by  the  USBM.  Shots  in  granite  produced  a  wide  shallow  crater, 
while  the  others  formed  deeper,  more  irregular  craters.  The  breakage 
in  the  last  three  (sedimentary  rocks''  was  controlled  to  a  certain  extent 
by  bedding. 

Figures  5.14  to  5.17  depict  the  strain  data  tor  the  four  types  of 
rock.  ^  Of  the  scaled  values  plotted,  the  fall  time  and  the  fall  strain 
are  the  most  important  in  predicting  crater  formation.  Within  the  range 
of  size  of  shots  fired  the  various  facLors  "scaled"  within  reasonable 
limits  which  indicates  that  model  laws  may  be  employed  with  assurance. 

Figures  5.18  to  5.25  show  the  relationships  between  various  scaled 
dimensions  of  craters  for  USBM  tests  and  Figures  5.26  to  5.33  the  scaled 
dimensions  for  preliminary  UET  tests. 

A  comparison  of  crater  dimensions  data  for  the  six  types  of  rock  yields 
several  pertinent  facts.  The  UET  tests  were  designed  to  ascertain  the 
safe  scaled  charge  depth  beyond  which  breakage  at  a  free  surface  would  not 
occur  in  rocks  appropriate  for  protective  underground  installations. 
Preliminary  UET  tests  utilized  charges  of  weights  from  0.5  lb  t;o  2560  lb. 
USBM  tests  utilized  charges  from  0.4  to  32  lb.  The  USBM  tests  were  de¬ 
signed  to  test  the  applicability  of  the  reflection  theory  over  the 
whole  range  of  scaled  charge  depths  which  result  in  crater  formation  in 
four  rock  types  of  widely  different  physical  properties  for  four  explo¬ 
sives.  The  majority  of  the  detonations  in  the  UET  tests  are  at  a  large 
range  of  scaled  depths  for  two  similar  explosives,  while  those  in  the 
USBM  tests  are  more  evenly  distributed  with  respect  to  scaled  charge  depth. 

Granite.  The  shape  of  the  curves  for  vs  D/r  for  the  two  types 

of  granite  (Unaweep  and  Lithonia)  are  very  similar,  although  crater  depths 
for  Unaweep  granite  are  greater  for  a  larger  range  of  charge  depths.  The 
same  holds  true  for  R^/F  vs  D/r  curves  and  the  Vj^/W  curves.  It  appears 
that  perhaps  the  curves  plotted  by  USBM  may  not  be  based  upon  a  sufficient¬ 
ly  large  number  of  shots  at  scaled  charge  depths  greater  than  2.  The  R/r 
vs  D/r  plots  on  log-log  paper  yield, 

P  n  °'17 

=  =  2.9  (£)  (5.41) 

for  Lithonia  granite  and 

R  D  °'34 

~  -  2.41  (~)  (5.42) 

r  r 


Strain  -  in./in. 
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Figure  5.14,  Decrease  of  peak  strain  with  scaled  distance  from  sma 
HE  charges  in  four  different  types  of  roek^. 
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Figure  5.15.  Decrease  of  fall  strain  wiLh  scaled  Distance  Ironi  small 
ME  charges  in  four  different  types  of  rock'". 
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Figure  5.19.  Scaled  crater  radius  vs.  scaled  charge  deplh--sandstone 
and  chalk. 
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Figure  5.21.  Scaled  crater  depth  vs.  scaled  charge  depth--sandstone 
and  chalk.  ^ 
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Figure  5,23.  Scaled  crater  volume  vs.  scaled  charge  depth--sandstone 
and  chalk . ^ 
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Figure  5.25.  Scaled  Radius  of  rupture  vs.  scaled  charge  depth-- 
ssidstone  and  chalk. 
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Figure  5.26.  Scaled  crater  radius  vs.  scaled  crater  depth--Unaweep 
Cranitc . ' 
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Figure  5,32.  Scaled  crater  volume  vis.  scaled  charge  depth--Nava jo 
Sandstone . 
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TABLE  5.216 

Crater  Test  Data 

UNAWBBF  GRANITE1 


No, 

a 

W 

D 

\ 

vk 

X 

D/v 

\ 

Dk  /*■" 

R/r 

Vk/W 

Expl. 

A  - 1 

2  3/8" 

0.40 

1.70 

0.25 

0/25 

0.09 

0.74 

2.36 

0.34 

0 . 34 

2.38 

0.23 

0-2 

3 

2  5/8" 

1.00 

1.83 

4.10 

1.00 

17.81 

1 .00 

1.83 

4.10 

1.00 

4.-V9 

17.8 

C-2 

4 

2  5/8" 

2,20 

1.61 

2.86 

)  .00 

8.7 

1.30 

1.25 

2 . 20 

0.76 

2.53 

4,0 

C-2 

6 

2  5/8" 

0.62 

1.82 

2.77 

0.95 

7.8 

0.85 

2.14 

3.24 

1.12 

3.89 

12.5 

TNT 

7 

2  5/8” 

1.62 

1  .46 

2.50 

1 .  10 

8.7 

1.17 

1.25 

2.14 

1,1 1 

2.48 

5.4 

TNT 

0 

2  5/8" 

2,62 

1,28 

2.56 

0.75 

5.3 

1 . 18 

0.93 

1.06 

0 .  Vi 

2.08 

2.0 

TNT 

9 

2  5/8" 

0.50 

1.90 

)  .76 

0,34 

1 

o.yi 

2.41 

7.2? 

0.44 

1.78 

2.3 

0-2 

10 

2  5/8" 

1.12 

1.68 

1.7 ) 

0.50 

1.0 

1.01 

1  .0  1 

1.6/ 

0.48 

2. 33 

1  .4 

TNT 

UA 

2  5/8" 

1.50 

2.25 

2.8) 

1.05 

9.0 

1.14 

1/1/ 

2.48 

0.42 

).W 

7.9 

C-2 

12 

2  5/8" 

1.10 

2.69 

0.1/ 

0.10 

- 

1.0* 

2.M 

0. 1  (> 

0.09 

- 

C-2 

i:t 

2  5/8" 

2.60 

2.42 

1.02 

0.50 

0.55 

1  .  17 

1 .  78 

0 . 74 

0.  16 

1  .9(1 

0.21 

0-2 

14 

2  5/8" 

4.50 

•MS 

1.49 

1.65 

21.5 

1.6S 

1 .  11! 

2.12 

1  .00 

2 .  SO 

4.8 

02 

17 

2  5/8" 

1.12 

1.60 

5.10 

0.80 

22.2 

1.01 

1  .44 

4 . 00 

0.78 

5.23 

10.8 

C-2 

10 

2  5/8" 

0.20 

0.94 

1.64 

0 . 20 

0.57 

0.58 

1.62 

2.02 

0.  )/| 

3.25 

2.85 

C-2 

19 

A  1/2" 

2.53 

1.73 

5.48 

0.44 

5.8 

1  .  18 

2.70 

0.  12 

) .  (71 

2.20 

TNT 

40 

4  1/2" 

5, 1.1 

3.79 

4.64 

0./5 

1  / .  2 

1.72 

2 . 20 

2 , 69 

0.41 

1.4/ 

1.  1 

TNT 

41 

4  1/2" 

10.11 

J .  20 

4.50 

1  .44 

11  .  1 

2.16 

1 .40 

2.00 

«.(>/ 

7.44 

1.  1 

TNT 

42 

4  1/2" 

18.00 

3.29 

6.0  o' 

2.80 

109 . 4 

2.62 

1.24 

/.  11 

1  .00 

2.6  1 

6.1 

C-2 

0-1 

4  1/2" 

2.11 

5.20 

0./5 

0 , 20 

1 .28 

4  .  Oo 

0.19 

n .  1  s 

4 . 06 

TNT 

2 

4  1/2" 

7.12 

4.50 

1.63 

1.20 

1.6 

1  .92 

2.  14 

0 . 84 

0.62 

2,49 

0.  ' 

TNT 

1 

4  1/2" 

20.00 

4.04 

4.15 

1.05 

9 1 . 9 

2.21 

1  , 49 

i  ,<(/ 

2.4/ 

4.7 

0-2 

5 

4  1/2" 

15.00 

4 .  19 

4.59 

2.05 

45.9 

2.46 

1  .711 

1  .  H6 

0  .  It  1 

2.4/ 

3,1 

0-2 

6 

U  1/2" 

7.00 

4.96 

4.60 

1  .70 

38.4 
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TABLE  5.2  (Cont.)16 

Crater  Teat  Data 

UNAWEEr  GRANITE1 


5.54 


*  C-2  and  C-3 
**  Nitrostarch 
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for  Unaweep  granite.  The  first  equation  was  determined  by  the  method  of 
squares,  the  latter  by  the  authors  of  this  report  by  the  method  averages. 

For  Lithonia  granite  the  probability  of  achieving  an  effective  cra¬ 
ter  radius  or  volume  drops  off  very  rapidly  for  =  >  1.6.  Applying  the 

criterion  that  probability  of  producing  an  effective  .rater  should  be 
statistically  nearly  equal  to  one,  and  choosing  values  of  scaled  depths 
from  each  curve  which  is  well  below  possible  camouflet  depth,  for  Litho¬ 
nia  granite,  this  yields  a  range  of  scaled  charge  depths  of 

0.75  <  =  <  1.00 
,  r 


to  assure  posrtive  crater  formation,  the  limits  being  governed  largely 
by  crater  depth. 

For  Unaweep  granite  the  corresponding  limits  are,  again  choosing 
values  of  scaled  depth  from  the  curves  smaller  than  camouflet  depths, 

0.90  <  =  <  1.25 
r 


for  successful  cratering. 

Reference  to  physical  propel  ties  of  the  Lwo  types  of  granite  shows 
that  they  have  about  the  same  dynamic  breaking  strain.  The  density  of 
Lithonia  granite  (2.60)  is  greater  than  that  of  Unaweep  granite  (2.25). 

The  corresponding  Young's  Moduli  are  3.0  x  106  and  4.89  x  106.  While 
E  is  greater  for  Unaweep  granite,  its  density  is  less.  The  correlation 
between  these  properties  and  the  difference  in  breakage  properties  is 
not  well  defined. 

If  the  same  procedure  is  applied  to  the  other  types  of  rock,  the 
results  listed  in  Table  5.4  ate  obtained. 

Discussion.  No  single  criterion  seems  to  satisfy  the  conditions  of 
efficient  breakage  for  all  types  of  rock  on  which  da  in  are  available.  A 
combination  of  crater  dimensions  was  used  to  fix  the  lower  limit  of  charge 
depth,  while  the  upper  limit  of  charge  depth  value  was  chosen  so  that 
the  majority  of  shots  in  this  range  gave  satisfactory  values  for  other 
crater  dimensions  and  was  well  below  the  critical  point  on  curves  where 
crater  dimensions  dropped  rapidly  with  further  increase  of  charge  depth. 

The  limits  of  scaled  charge  depth  for  efficient  breakage  vary  con¬ 
siderably.  Lithonia  granite  appears  to  be  the  most  difficult  rock  to 
break.  This  is  due  to  the  very  short  fall  length  of  the  strain  curve. 

The  scaled  volume  of  craters  varies  widely  even  for  one  rod;  type.  How¬ 
ever,  the  values  tabulated  in  Table  5.4  for  scaled  charge  depths  are 
believed “to  give  safe  limits  for  crater  breakage  to  an  "infinite"  free 
face . 


TABLE  5.4 


Summary 

of  Effective 

Breakage 

Criteria  - 

Surface 

Craters 

Rock  Type 

V" 

V7 

V7 

Dk/D 

D/r 

Li  th  on  la 

Granite 

•1-5.00 

+0.60 

i  2.5 

+0.75 

0.75  - 

1.00 

Unawe ep 

Granite 

+5.00 

+0.90 

+  2.50 

•+0.85 

0.90  - 

1.25 

Kanawha 

Sandstone 

+7.00 

+1.20 

12.50 

+1.00 

0.90  - 

1  .50 

Navajo 

Sandstone 

+6.50 

+1.20 

+  2.50 

+1.00 

1.20  - 

1.35 

Green  River 

Marl  stone 

+7.00 

+1.25 

+2.40 

10.95 

1.25  - 

1.75 

Niobara 

+10.00 

11.00 

+  2.65 

+  1.00 

0.80  - 

2.50 

Chalk 
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Tunnel  demolition  testa  uy  ERDL'*-'7  also  tabulated  in  Table  5.1 
show  that  breakage  was  unsuccessful  In  basalt  with  a  scaled  depth  of  1.89 
using  nitro-stareh.  A  scaled  depth  of  1.65  with  Comp  C-2  and  C-3  was 
successful,  while  a  scaled  depth  of  2,21  using  the  same  explosive  was  not. 
Comparable  figures  for  surface  crater  depths  in  basalt  are  not  available. 
This  series  of  tests  was  conducted  at  full  scale  with  charges  placed  in 
chambers  in  the  walls  of  the  tunnels  at  the  spring  Tina.  Charges  varied 
In  size  from  500  to  4000  lb. 

Failure  in  Flexure,  A  series  of  experiments  was  designed  by  Clark 
and  Caudlel^  to  test  the  response  of  rock-like  materials  to  transverse 
impact.  Small  simply  supported  beams  of  hydrostone  (gypsum  cement)  were 
subjected  to  impact  by  drop  weights  and  the  shock  loading  from  No.  6 
blasting  caps  upon  and  just  above  the  beam.  One  of  the  primary  objec¬ 
tives  of  the  investigation  was  to  determine  any  possible  relationship 
between  rate  of  strain  and  fracture,  strain.  Many  of  the  beams  impacted 
by  drop  weights  broke  on  a  second  or  third  peak  of  one  of  their  natural 
frequencies.  The  beams  subjected  to  blast,  load  from  a  No.  6  blasting 
cap  broke  on  the  first  rise.  Some  typical  strain-time  histories  are 
given  in  Figure  5.34.  The  strain  necessary  to  fracture  appears  to  in¬ 
crease  almost  as  the  inverse  expotential  of  the  rise  time. 

While  the  geometrical  configuration  of  the  above  tests  is  somewhat 
similar  to  the  possible  loading  of  stratified  members  of  underground  roof 
structures,  the  model  beams  were  subjected  only  to  concentrated  loads. 

The  type  of  loading  of  a  full  scale  underground  structure  will  be  quite 
different.  The  load  will  not  be  concentrated  and  the  load  pulse  length 
will  be  much  longer. 

Thus,  an  underground  structure  may  be  subjected  to  several  g's  accel¬ 
eration  with  a  resultant  downward  velocity,  a  subsequent  retardation  and 
a  damping  out  of  the  motion.  Also,  the  whole  stress  field  about  the  struc 
ture  will  have  been  altered  and  increased,  if  a  segment  of  the  immediate 
stratum  over  an  opening  can  be  regarded  as  a  restrained  beam  Initially 
loaded  by  its  own  weight  only,  an  analysis  could  be  made  of  the  response 
of  the  beam  to  the  acceleration,  resulting  velocity,  deceleration  and 
superposed  stress  field. 


Rock  Failure  and  Nuclear  Bursts 

Brodc^  indicates  that  cratering  by  nuclear  weapons  and  the  rupture 
and  ground  shock  associated  therewith  arc  the  primary  phenomena  of  impor¬ 
tance  to  deep  underground  installations.  The  air  blast  furnishes  an  appre 
ciablu  load  at  the  surface,  and  these  pressures  arc  transmitted  downward 
at  seismic  velocities.  Added  to  these  pressures  are  those  transmitted  by 
tln>  expanding  bomb  vapors.  Br ode  states  further  that  the  survival  of  an 
underground  structure  is  quite  likely  only  a  short  distance  outside  of 
the  crater. 

Beyond  the  true  crater  will  be  a  zone  of  crushing,  plastic  flow,  and 
permanent  deformation.  Il  If  postulated ^  that  small  resistant  structures 
can  roll  with  the  ground  shock  and  can  survive  in  spite  of  high  accelera¬ 
tion  forces  and  permanent  displacement  in  the  soil  The  shock,  having 
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lost  some  of  its  sharpness,  is  likened  to  an  ocean  swell  of  long  wave 
length,  which  neither  tears  or  crushes  the  material  with  high  local 
stresses.  Further,  a  deep  tunnel  or  cavity  might  be  damaged  only  by 
spalling  if  any  high  frequency  components  are  present  in  the  shock. 


The  failure  of  rock  subjected  to  nuclear  blasts  is  of  interest  for 
engineering  design  purposes  both  with  respect  to  gross  or  large  scale 
phenomena,  and  those  of  local  character,  the  latter  being  concerned  with 
those  parameters  which  influence  the  ground  behavior  at  distances  from 
the  blast  beyond  which  rock  may  be  considered  stable  for  protective 
construction.  Few  of  the.  available  records  of  surface  bursts  indicate 
efforts  to  measure  the  deep  rock  response  to  these  bursts. 


Detailed  studies  of  Rainier  and  Neptune  shots 
data  which  are  pertinent,  however,  and  available  result 
are  qualitative  are  summarized  here. 


20,21,22,23 


offer  some 
many  of  which 


There  were  nine  major  shots  detonated  in  the  underground  program 
(Table  5.5),  The  geologic  locale  in  which  these  events  took  place  is 
a  geologic  column  of  250  feet  of  welded  tuff  which  is  underlain  by  1700 
feet  of  bedded  tuffs  and  a  thick  bed  of  dolomite  (Figure  5.35).  The 
weakly  cemented  granular  tuff  Tosy  is  considered  to  be  a  stratigraphic 
feature  of  some  importance  in  interpretation  in  its  relation  to  the 
Rainier,  Evans,  Tamalpais  ard  Neptune  events  which  occurred  about  100 
feet  below  this  formation.  Blanca  and  Logan  were  detonated  in  Tosy 
about  600  feet  below  this  horizon.  Values  of  compressive  strength  of 
the  tuff  of  1200  psi  and  tensile  strength  of  165  psi  are  reported  The 
seismic  velocities  above  Rainier  are  given  Ln  Table  5.6, 

The  scaled  depth  is  defined  (Table  5.7)  as  D/W'  where  D  is  the 
actual  depth  in  feet  and  W  is  the  energy  release  in  kllefons  of  TNT 
equivalent.  One  kiloton  of  TNT  equivalent  is  taken  as  equal  to  10lP 
calories  of  prompt  release  energy. 

Earth  motion  measurements  indicated  that  a.  large  earth  cap  begin¬ 
ning  about  180  feet  below  the  mesa  surface  separated  from  the  mesa  over 
the  Rainier  charge  and  then  fell  back  into  place  The  most  significant 
vcrticle  displacement  was  one  foot  at  ground  zero,  while  the  peak  sur¬ 
face  acceleration  was  6  g  at  186  milliseconds,  after  zero  time. 


For  specific  local  results  the  Rainier  event  has  been  studied  in 
most  detail.  The  drifts  and  drill  holes  in  the  shot  zone  are  shown  in 
Figures  5,35  to  5  37  While  temperature  distribution  and  radioactivity 
studies  were  made,  the  effects  on  the  physical  properties  of  the  rock 
mass  are  of  most  interest  in  stability  studies,  it  was  found  that  the 
temperature  and  radioactivity  were  concentrated  within  shells  and  that 
within  these  shells  the  rock  was  generally  permeable  to  drill  water. 
Based  on  these  observations  it  was  concluded  that  the  explosions  pro¬ 
duced  cavities  of  radius  R  -  50  W'  feet,  which  stood  for  a  short  period 
of  time  and  then  collapsed. 
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TABLE  5.6 


Seismic  Velocity,  Vertical  Distribution  over  Rainier 


Interval  depth 
below  surface,  feet 

Interval 

velocity,  ft/sec 

Distance  above  Rainier 
shot  room,  feet 

230-270 

7,150 

665-625 

270-310 

13,700 

625-585 

310-395 

6,650 

585-500 

395-525 

7,070 

500-370 

525-675 

7,180 

370-220 

675-775 

5,850 

220-120 

(Shot  foom  at 

depth  895 

feet .) 

TABLE  5.7 

Radii  of  Radioactive  Shells 


Event 

Radius  (feet) 

Scaled  radius  (R/W^^  feet/kt^'^) 

Neptune 

21 

47* 

Bianca 

UP 

48 

Logan 

85 

50 

Rainier 

62 

52 

Tamalpais 

30 

73** 

*Crater ing 

shot 

**Fired  in  a 

large  room 

5 , 63 
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Figure  3.J/ 
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The  Rainier  cavity,  when  it  was  first  formed,  was  lined  with  about 
4  inches  of  melted  rock.  Inspection  of  the  collapsed  zone  showed  blocks 
from  a  few  inches  in  diameter  up  to  several  feet.  The  regions  between 
the  blocks  were  filled  with  pulverized  material  which  had  resolidified 
probably  due  to  the  high  clay  content.  The  upper  post-shot  exploratory 
drift,  100  feet  above  the  zero  point,  encountered  blocks  a  few  inches  to 
a  few  feet  in  diameter  with  open  cracks,  as  well  as  a  large  cavity. 

It  is  approximated  that  the  tempera  Lute  a  few  microseconds  after 
detonation  was  106°  K  and  the  pressure  7  x  106  atmospheres.  Calculation 
of  the  behavior  of  the  medium  by  Nuckolls'1'1  by  means  of  a  computer  pro¬ 
gram,  from  a  few  microseconds  to  100  milliseconds  is  as  follows:  it  was 
assumed  that  the  rock  mass  of  tuff  has  a  negligible  large  scale  tensile 
strength,  and  that  it  behaves  as  a  linear  elastic  solid  as  long  as  the 
tension  does  not  exceed  the  stress  due  to  overburden  pressure.  The  values 
of  elastic  constants  used  were  measured  values  for  bulk  modulus,  shear 
modulus,  and  sound  velocity.  When  tension  in  the  spherical  shell  becomes 
greater  than  the  lithostatic  stress,  the  components  of  the  stress  tensor 
arc  equated  to  a  pressure  (shear  modulus  equal  to  zero)  which  is  related 
to  the  volume  by  a  bulk  modulus  type  of  equation  of  state.  Calculated  re¬ 
sults  and  measured  values  of  arrival -time  of  shocks  were  found  to  be  in 
good  agreement  (Figure  5.38).  The  peak  shock  pressure  ag  a  function  of 
distance  is  given  in  Figure  5.39,  and  decreases  as  r  '  J  out  to  about  10 
meters.  The  tuff  was  vaporized  to  2.3  meters  in  0.2  milliseconds  at  a 
peak  pressure  of  1.0  megabar  and  melted  by  shock  pressure  to  3.3  meters 
at  a  peak  pressure  of  0.4  mb.  enough  energy  was  consumed  by  the  shock  in 
the  first  4.6  meters  to  melt  all  the  tuff  included  within  this  spherical 
volume  (660  tons).  It  was  calculated  that  the  total  melted  by  fission 
decay  energy  was  1.2  times  this  amount  (880  Lous). 

As  the  shock  wave  progressed  outward  it  crushed  the  rock  to  a  radius 
of  130  feet  where  the  pressure  was  1 ,4  kilohars,  or  twice  the  measured 
static  compressive  strength  The  energy  distribution  of  the  Rainier  shot 
is  given  in  Table  5.8. 


TABLE  5.8 


Rainier  Energy  Distribution 


State 

Rad  i  L 

Percentage  of 
prompt,  energy 

Cas 

0  •  62  ft 

8.2 

Liquid 

62  ft  -  63 -!/6  fi 

19.1 

Crushed 

62-1 '4  ft  -  130  ft 

47  0 

Fractured 

130  it  •  280  ft 

21 .  2 

Klasl Lc 

280  ft 

4.5 

Figure  5.J8.  Shock  llme-o£-arvlval--Rainiei‘  event: 
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Figure  5.39.  Peak  shock  pressure--Rainier  event. 
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The  conclusions  reached  by  Johnson,  et  al.  ,  are: 

1.  Radioactivity  of  nuclear  explosions  in  the  kiloton  range  of  tuff 
can  be  completely  contained  at  depths  of  D  =  400  W3  feet. 

2.  The  initial  cavity  formed  has  a  radius  of  R  =  50  W3. 

3.  The  melted  rock,  which  is  converted  to  glass  on  cooling  amounts 
to  500  i  15  tons  per  kiloton  of  energy  release. 

4.  The  collapse  of  the  cavity  produced  a  zone  of  about  70,000  yds3/kt 
(120,000  tons/kt.). 

5.  About  30  percent  of  the  total  energy  release  was  deposited  in 
steam  and  hot  rock  at  a  temperature  in  excess  of  1200°  0. 

2  9 

The  Neptune  event,  as  described  by  Shelton,  et  al.  is  of  interest 
because  it  approximates  some  of  the  phenomena  which  might  be  expected  if 
a.  weapon  were  to  penetrate  the  overburden  before  detonating.  The  distance 
to  the  nearest  point  on  the  surface  was  100  feet.  The  yield  of  the  shot 
was  115  t  15  tons.  When  the  shot  was  fired  the  surface  bulged  upward  25- 
35  ft.,  followed  by  venting.  Eleven  preshot  holes  were  drilled  into  the 
shot  area  (Figures  5.35  to  5.37) .  Preliminary  studies  indicate  that  sev¬ 
eral  layers  of  tuff  and  sandstone  had  retained  their  continuity,  but  had 
fallen  into  the  cavity  created  by  the  detonation.  Crushing  of  the  tuff 
occurred  40  feet  downward  and  50  feet  laterally  except  in  the  direction 
of  the  original  drift  where  it  extends  80  feet.  The  extent  of  the  crush¬ 
ing  appears  to  have  been  influenced  by  bedding  plane  weaknesses.  Frac¬ 
turing  also  extends  70  feet  below  the  zero  point,  according  to  interpre¬ 
tation  of  drill  cores,  and  to  the  surface,  the  boundary  of  the  latter 
fracturing  lying  on  a  core.  Downhill  at  the  surface  the  fracture  limit 
lays  at  the  interface  of  the  brittle  Tos6  and  the  more  "punlcy"  Tos., . 

The  detailed  history  of  the  Neptune  event^2  is  given  as  follows: 

All  of  the  material  around  the  device  was  vaporized  in  a  few  micro¬ 
seconds.  The  temperature  and  pressure  were  about  150,000°  K  and  25,000 
atmosphere,  respectively,  which  are  much  smaller  than  those  for  the  Rain¬ 
ier  event.  The  25  kilobar  pressure  did  not  generate  a  shock  strong  enough 
to  melt  or  vaporize  the  rock,  but  crushed  the  rock,  allowing  the  cavity 
to  expand.  The  shock  wave  decreased  in  strength,  finally  propagating  as 
an  elastic  wave.  The  reflected  wave  (tensile)  plus  the  rarefaction  tail 
of  the  outgoing  wave  fractured  the  surface  by  spalling  and  created  a 
crater  on  the  slope  of  the  mesa.  Estimates  based  on  the  50  W3  formula 
for  Rainier  and  other  shots  predicted  a  50  foot  radius  cavity,  however, 

707,  of  the  energy  was  believed  lost  to  the  atmosphere  due  to  venting. 

The  crater  was  thus  formed  due  to  three  processes,  (1)  the  breakage  of 
the  rock  between  the  crater  and  the  detonation  point  by  spalling,  (2) 
acceleration  of  broken  rock  by  venting  gases,  and  (3)  collapse  of  the 
cavity.  (See  Figures  5.40  to  5.42). 

Shelton  further  points  out  that  test  results  from  HE  charges  (TNT)  of 
256  lb.  to  20  tons  that  the  basic  scaling  law  of  W'  is  correct  for  crater¬ 
ing.  Considering  gravity  effects  a  scaling  law  of  W77V7  has  been  found  to 
give  a  better  empirical  fit. 
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Figure  5.42 
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CHAPTER  VI 


STATIC  STRESSES  AND  DESIGN  OF  OPENINGS 


Introduction  * 


The  piroulcni  of  accurately  de t enviiu lug  the  stresses  which  exist  in 
massive  rocks  in  the  earth's  crust  has  long  been  of  interest  to  engineers 
and  geologists.  Many  mining  problems  are  directly  concerned  with  the 
stresses  which  may  cause  mine  openings  to  collapse  during  the  course 
of  their  usage.  This  chapter  is  concerned  with  two  phases  of  occurrence 
of  rock  stresses:  (1)  the  stresses  existing  in  the  rock  before  the 
introduction  of  mine  openings,  i.e.,  the  free-field  stress,  and  (2)  the 
induced  rock  stresses  due  to  the  introduction  of  mine  openings.  The 
investigation  of  rock  stresses  has  to  the  present  been  largely  limited 
to  simple  analytical  geological  structures. 


There  have  been  many  hypotheses  formulated  to  explain  the  stressed 
state  of  the  earth's  crust  and  its  causes,  but  it  has  been  very  difficult 
to  measure  the  free  field  earth  stresses  without  changing  them  in  the 
process,  and  thus  invalidating  the  results.  Many  reliable  qualitative 
evaluations  hava  been  made  of  the  initial  earth  stresses  from  observa¬ 
tion  of  the  effect  of  stresses  upon  mine  openings,  and  upon  geologic 
structures . 


General  practice  has  been  for  the  design  of  mine  structures  (width, 
height,  and  contour  of  mine  openings,  and  the  size  and  shape  of  pillars) 
to  be  determined  upon  an  empirical  basis  because  (1)  the  effects  of 
making  an  underground  mine  opening  upon  the  pre-existing  stresses  within 
the  surrounding  rock  were  not  known,  (2)  the  concepts  of  pre-existing 
stresses  has  been  expressed  in  an  inexact  manner,  and  (3)  the  varying 
effects  of  complex  geologic  conditions  are  not  subject  to  exact  analysis. 
Thus,  mine  structures  have  been  designed  from  formulae  for  which  there 
is  no  complete  theoretical  foundation  (except  whether  they  succeed  or 
fail),  To  insure  the  stability  of  the  mine  structures  designed  in  this 
manner,  it  has  been  necessary  to  apply  large  safety  factors.  Research 
concerned  with  the  stresses  around  mine  openings  may  be  classified  in 
three  general  categories:  (1)  theoretical  studies  of  a  purely  mathe¬ 
matical  character,  (2)  studies  of  models  intended  to  duplicate  the  stress 
conditions  existing  in  the  prototype  mine  opening,  and  (3)  observation 
and  measurement  of  the  stress  conditions  in  an  actual  mine  opening. 

Theoretical  studies  differ  widely  in  the  basic  assumptions  made 
about  the  physical  properties  of  the  rock.  Some  solutions  of  problems 
in  underground  stress  analysis  assume  that  rock  is  elastic,  homogeneous, 
and  isotropic  in  character;  others  assume  that  rock  possesses  plastic, 
viscous,  elastic-viscous  properties,  or  a  combination  of  them.  There 
have  been  some  trends  toward  the  application  of  soil  mechanics  to  under¬ 
ground  mining  problems.  As  yet,  there  has  not  been  conclusive  evidence 
presented  to  indicate  which  of  the  particular  methods  of  solution  has 
the  greatest  applicability. 


*  pp.  6.1  to  6.52  condensed  from  Ref.  20. 
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Experimentation  with  full-scale  rock  structures  such  as  those  which 
are  found  in  underground  mine  openings  has,  with  few  exceptions,  proven 
too  impractical  and  too  costly  to  be  worthwhile.  If  exact  results  are 
to  be  obtained,  it. is  more  economical  to  conduct  tests  in  a  laboratory 
where  conditions  can  be  closely  controlled.  Inasmuch  as  full-scale 
models  of  mine  structures  cannot  be  constructed  in  the  laboratory,  how¬ 
ever,  the  most  feasible  approach  to  the  problem  is  to  resort  to  the 
use  of  small  scale  models.  In  general,  model  studies  are  divided  into 
two  categories,  those  involving  photoelastic  principles,  and  those  con¬ 
cerned  with  testing  models  made  of  rock  from  the  prototype.  The  stress 
concentrations  which  are  found  by  means  of  polarized  light  are  then  com¬ 
pared  with  those  in  the  prototype.  In  the  second  method,  modelB  made 
of  rock  from  the  prototype  are  stressed  in  a  manner  which  will  give  an 
approximation  of  the  stresses  applied  to  the  prototype;  the.  stresses 
developed  within  the  model  are  measured  with  strain  gages,  or  the  model 
is  stressed  to  the  failure  point.  Several  methods  of  applying  stress 
to  a  rock  model  have  been  attempted.  One  of  the  most  successful  methods 
has  been  that  of  applying  a  centrifugal  force  to  the  model  in  order  to 
simulate  stresses  due  to  the  model's  own  weight. 

It  should  be  emphasized  that  none  of  the  methoda  for  solution  of 
underground  stresses  explains  all  stress  phenomena  observed  because  of 
the  lack  of  accurate  knowledge  of  the  physical  properties  of  rocks  under 
field  conditions,  and  the  great  complexity  of  these  conditions  due  to 
inhomogeneity  of  the  rock,  geologic  discontinuities,  and  many  other 
factors. 

Obart,  et  al,\  of  the  Bureau  of  Mines  has  discussed  a  number  of 
the  factors  involved  in  the  design  of  openings  In  competent  rock. 

Their  design  procedures  can  be  applied  not  only  to  the  openings  created 
in  mining  processes,  but  in  tunnels,  underground  storage  chembera  for 
petroleum  products,  underground  air-raid  shelters  and  military  protec¬ 
tive  structures.  Oealgn  principles  are  more  widely  applicable  in  cases 
other  than  mining  because  a  greater  latitude  of  site  choice  la  possible 
where  location  of  openings  la  not  dictated  by  the  location  and  environ¬ 
ment  of  a  mineral  deposit. 

The  problem  of  designing  a  stable  underground  opening  involves 
two  basic  elements:  (1)  the  maximum  stress  in  the  rock  and  (2)  the 
strength  of  tha  situ  rock.  This  la  true  whether  the  stresses  are 
static  In  character* or  are  caused  by  a  transient  pulse.  Even  for  the 
moat  simple  cases  the  stress  patterns  are  complicated  by  the  hataro- 
genelty  of  tha  rock,  discontinuities  and  irregularities  in  both  open¬ 
ings  and  rock  ntructure. 

Obert ha*  defined  competent  rock  as  that  which,  because  of  its 
physical  and  geological  characteristics,  is  capable  of  sustaining  an 
underground  opening  as  walls,  roof,  pillars,  etc.,  without  the  uae  of 
any  substantial  type  of  artificial  support,  For  the  purpose  of  design 
of  openings  in  competent  rock,  it  is  classed  as  being  either  massive 
or  bedded,  Maasive  rocks  include  many  igneous  rocks  and  some  meta- 
morphlc  rocks.  Bedded  rocks  are  those  which  have  strata  whoee  thick* 
ne«*  is  small  compered  to  the  roof  span.  Effects  of  time,  including 
chemical  alteration  are  not  evaluated  quantitatively.  Safety  factors 
of  2  to  4  are  usually  employed  in  walls  and  pillars,  and  4  to  S  In 
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members  such  as  bedded  roofs  in  tension. 


Initial  Stresses  and  Stress  Concentrations  In  the.  Earth's  Crust 


Several  interpretations  have  been  made  of  the  stresses  existing 
underground  before  a  mine  opening  has  been  introduced.  In  general, 
these  stresses  are  known  to  be  influenced  primarily  by  the  weight  of 
the  overlying  materLal,  the  relation  of  the  opening  of  the  rock  masses 
around  it  (depth  of  over-burden,  etc.),  geologic  discontinuities 
(faulting,  bedding  planes,  etc.),  the  physical  characteristics  of  the 
surrounding  rock,  and  tectonic  forces. 

A  reasonable  hypothesis  for  the  stress  fields  existing  in  under¬ 
ground  rock  before  a  mine  opening  has  been  introduced  was  proposed  by 
Miudlin  in  1939^.  1l  is  assumed  that  stresses  within  the  earth  at 
different  depths  may  be  approximated  by  one  of  three  stress  fields,  as 
shown  in  Figure  6,1.  They  are  (1)  hydrostatic  stresses  acting  on  each 
unit  of  the  solid,  a  state  of  materials  at  depth  probably  greater  than 
those  now  mined,  (2)  lateral  restraint  accompanying  the  application  of 
the  gravitational  field,  an  approximation  of  the  forces  acting  aL  an 
intermediate  depth  within  the  earth,  and  (3)  no  appreciable  lateral 
restraint  on  a  unit  of  the  solid,  the  state  of  some  materials  in  the 
immediate  vicinity  of  the  surface.  These  cases  represent  the  range  of 
variation  of  earth  stresses.  The  actual  stress  condition  existing 
underground  before  a  mine  opening  is  introduced  generally  lies  between 
the  two  extremes  of  (1)  and  (3).  For  this  reason,  these  three  con¬ 
ditions  have  been  widely  used  in  solutions  by  photoelast ic  and  elastic 
analytical  methods. 

From  observation  of  the  phenomena  which  occur  in  all  types  of 
underground  mine  workings,  it  is  apparent  that  these  three  conditions 
are  not  always  sufficient  to  account  for  all  possible  initial  earth 
stresses.  Bey]  !  has  pointed  out  that  the  effect  of  overbridging  beds 
and  the  lateral  transmission  of  stress,  which  occurs  in  pulverulent 
matter,  partly  relieve  the  excavations  of  vertical  stress  caused  by 
the  weight  of  the  rock.  In  some  cases  erosion  relieves  some  of  the 
vertical  stress  while  the  lateral  (tectonic)  pressure  remains  constant. 
Furthermore,  where  excavations  are  made  at  great  depth,  lateral  pres¬ 
sures  are  sometimes  observed  which  are  higher  than  would  be  predicted 
for  thaL  depth.  In  some  areas  of  uniform  horizontal  stratification, 
one  can  notice  traces  of  horizontal  thrusts  which  arc  indications  of 
appreciable  orogonet.fc  (mountain  building)  pressure  in  a  horizontal 
direction.  Beyl  lists  another  pressure  with  a  thermic  origin.  This 
pressure  is  multilateral  and  may  be  due  to  the  exothermic  transformation 
of  peat  into  lignite  and  coal,  the  intrusion  of  magma,  or  the  occurrence 
of  metamorphism. 

Beyl  obtained  the  state  of  stress  in  the  rock  mass  at  the  surface 
and  at  depth  by  the  superposition  of  three  fields  of  pressure:  (1)  a 

horizontal  force  due  to  orogenetic  pressure  which  is  often  the  largest 
component,  (2)  a  vertical  force  resulting  from  the  weight  and  repre- 
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senting  part  of  the  weight  of  overlying  deposits,  (3)  a  hydrostatic 
pressure  equal  :t,n  all  directions.  He  made  use  of  these  concepts  to 
explain  on  a  qualitative  basis  some  of  the  conditions  observed  in  rock 
formations  under  high  pressures.  The  solutions  based  upon  these  sup¬ 
positions  require  a  knowledge  of  the  orogenetlc  pressure  and  the  verti¬ 
cal  forces  transferred  by  the  layers  of  rock  to  lowpr  layers  (Beyl's 
theory  of  the  effect  of  overbridgfng  beds)  which  has  not  been  evaluated. 
For  that  reason  the  three  conditions  postulated  by  Mind 1 in  which  cover 
most  of  the  static  conditions  encountered  except  when  lateral  pressures 
are  gre.ater  than  vertical  pressures  are  employed.  For  this  latter  case, 
it  is  only  necessary  to  superimpose  a  horizontal  stress  of  the  desired 
magnitude  upon  the  stresses  given  for  the  case  of  no  lateral  restraint. 
The  primary  difficulty  is  in  accurately  predicting  the  required  magni¬ 
tude  of  the  horizontal  stress.  If  a  method  can  be  devised  for  measur¬ 
ing  the  existing  free  field  stresses  in  the  earth's  crust  without  dis» 
turbing  them,  the  possibilities  of  expressing  these  stresses  mathema¬ 
tically  with  a  reliable  degree  of  accuracy  will  be  greatly  increased. 


Stresses  Around  Openings  in  Solid  Homogeneous  Materials 


The  immediate  purpose  of  stress  analysis  of  underground  mine  struc¬ 
tures  is  essentially  twofold:  (1)  to  obtain  a  concept  of  the  effect  of 
the.  size  and  shape  of  a  single  mine  opening  upon  the  stresses  existing 
initially  within  the  surrounding  rock,  and  (2)  to  determine  the  effect 
of  a  group  of  mine  openings  upon  the  stresses  the  size,  shape,  number, 
and  relative  positions  of  the  openings  are  varied.  The  ultimate  pur¬ 
pose  is  to  apply  the  results  of  these  analyses  to  achieve  more  econom¬ 
ical  and  safe  design  of  underground  openings. 

Stress  analyses  of  underground  mine  openings  for  many  simple  cases 
have  been  performed  by  mathematical  analysis  and  an  analysis  of  models 
ir\  the  laboratory.  These  results  cannot  always  be  applied  directly  to 
obtain  quantitative  applications  for  general  underground  problems  because 
they  are  solutions  of  cases  which  were  chosen  for  the  simplicity  of  Lhe 
concepts  and  mathematics  involved,  and  thus  their  field  of  application 
is  limited.  This  is  one  aspect  of  stress  analysis  which  necessitates 
the  development  of  a  mode  of  investigation  in  which  the  theoretical  and 
model  studies  are  checked  or  supplemented  by  field  studies  and  experi¬ 
mental  laboratory  work.  In  this  manner,  the  fullest  benefit  of  the 
laboratory  work  as  well  as  the  field  work  may  be  obtained. 


Early  Underground  Stress  Analysis' 

Early  Investigators  assumed  that  the  rock  surrounding  mine  open¬ 
ings  approximated  some  solvable,  fundamental  structural  unit,  primarily 
because  of  the  manner  in  which  failure  was  observed  to  occur  at  the 
mine  opening.  Many  investigations  were  centered  upon  the  observation 
that  a  dome-shaped  space  forms  around  certain  collapsing  underground 
openings.  The  rock  in  the  top  of  the  original  opening  failed,  'leaving 
a  dome-shaped  structure  or  opening  which  apparently  re-established 
equilibrium^.  In  most  instances  this  attempt  to  relate  underground 
structures  with  some  known  structural  unit  was  only  an  approximation, 
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primarily  because  of  the  assumption  that  the  rock  at  some  distance  from 
the  mine  opening  had  no  effect  upon  the  stresses  in  its  immediate 
vicinity. 

During  the  period  1881  to  1885,  two  investigators,  Fayol  and  Rizlia^ 
proposed  theories  with  similar  content.  These  theories  were  the  fore¬ 
runners  of  the  "dome"  theories.  The  mine  opening  was  assumed  to  be 
surrounded  by  a  roughly  spherical  shell  within  which  the  rock  was  loaded 
by  its  own  weight.  Thus,  the  rock  within  the  dome  collapsed  when  the 
pull  of  gravity  exceeded  the  cohesion  with  the  surrounding  rock. 

In  1935,  the  dome  theory  was  extended  in  an  article  by  Dinsdale^. 

In  essence,  he  assumed  an  egg-shaped  pressure  ring  surrounding  the  mine 
opening,  and  within  this  ring  the  hanging  wall  was  separated  from  the 
external  rock  py  shearing  action  and  rested  upon  the  supports  within 
the  opening.  Figure  6.2  represents  a  cross-section  of  the  mine  opening, 
illustrating  the  proposed  dome.  The  conclusions  reached  by  Dinsdale 
were  that  the  pressure  on  the  immediate  ribs  and  supports  within  the 
opening  is  small  in  comparison  tc  the  stresses  a  short  distance  from 
the  sides  of  the  opening.  He  showed,  in  a  simple  static  analysis,  that 
the  height  of  the  dome  increased  with  depth;  thus,  the  pressure  on  the 
supports  was  proportional  to  depth.  The  value  of  this  analysis  is 
doubtful  since  the  basis  for  the  assumptions  leading  to  itB  solution 
are  subject  to  question. 

A  general  criticism  of  the  dome  theory  has  been  given  by  Shoemaker^ 
His  objections  are}  (1)  the  occurrence  of  the  pressure  dome  itself  is 
assumed  but  not  explained;  (2)  the  theory  takes  no  account  of  forces 
outside  of  the  dome  acting  on  the  rock  within  the  dome;  (3)  the  magnitude 
of  forces  assumed  is  not  sufficient  to  account  for  the  observed  effects; 
and  (4)  the  theory  is  based  on  the  assumption  that  the  rock  is  stressed 
within  its  elastic  range.  (This  last  assumption  can  be  Justified  in 
many  cases,  however). 

Other  theories  have  been  presented  which  treat  layers  of  rock 
immediately  overlying  the  mine  opening  as  beams  loaded  by  their  own 
weight.  These  theories  have  differed  only  in  the  manner  in  which  the 
beams  were  considered  to  be  restrained  and  in  the  manner  of  their 
failure.  One  of  the  most  advanced  hypotheses  of  this  type  was  pub¬ 
lished  by  Rice^  in  1923;  he  assumed  that  when  failure  of  the  beam 
occurs  inward  shearing  at  the  ends  causes  the  formation  of  a  dome-shaped 
space.  The  concepts  are.  subject  to  criticism  since  the  beams  were 
assumed  to  be  loaded  only  by  their  own  weight,  and  no  consideration 
was  made  of  an  external  load  on  them. 

Theoretical  research  upon  the  problem  of  underground  mine  struc¬ 
tures  has  advanced  rapidly  in  the  last  twenty  years,  particularly  with 
the  application  of  the  theory  of  elasticity  and  photoelasticity  to  the 
problem, 
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Theory  of  Elasticity  Applied  to  Underground  Mine  Structures 

A  solution  of  the  problem  of  the  distribution  of  stress  around  a 
mine  opening  by  the  theory  cf  elasticity  requires  some  basic  generali¬ 
zations  and  assumptions;  it  involves  solving  a  stress  function  for  the 
problems  which  is  related  to  the  existing  stress  conditions  by  the 
boundary  stresses  and  stress-strain  relationships.  The  assumptions  to 
affect  a  solution  are  (1)  the  rock  is  of  a  homogeneous  isotropic  nature; 

(2)  the  mine  opening  is  approximated  by  a  definite  geometrical  figure; 

(3)  the  mine  opening  is  horizontal  throughout  its  length  and  very  long 
in  comparison  to  its  cross-section;  (4)  the  stresses  along  the  length 
of  the  opening  are  uniform;  (5)  the  underground  mine  consists  of  an 
opening  or  a  series  of  openings  in  an  infinite  or  semi-infinite  {bounded 
only  by  the  earth's  surface)  mass;  and  (6)  the  stresses  encountered 

lie  within  the  elastic  limits  of  the  materials.  These  assumptions  are 
necessary  both  to  permit  the  application  of  the  theory  of  elasticity 
to  the  problem  and  to  simplify  the  mathematics  of  the  analysis.  They 
usually  cause  a  loss  of  generality  and  narrow  the  field  of  application 
of  the  results,  but  do  give  an  approximation  of  the  stresses  which  may 
be  expected  under  conditions  approaching  the  ideal  case.  In  addition, 
they  form  a  basis  for  more  advanced  theory  in  which  it  is  not  necessary 
to  make  such  confining  assumptions.  A  justification  of  these  assump¬ 
tions  has  been  given  by  seversl  authors.  Duvall'’ 8  in  particular  has 
made  a  relatively  complete  study  of  them. 


Photoelastlci ty  Applied  to  Underground  Mine  Structures 

In  the  case  of  simple  ideal  problems,  theoretical  analysis  is 
perhaps  the  most  satisfactory  since  it  provides  an  exact  solution.  In 
most  Instances,  however,  underground  openings  do  not  have  simple  boun¬ 
daries.  They  are  often  of  large  number,  and  so  arranged  in  a  manner 
which  is  difficult  to  analyze  mathematically.  It  is  in  the  approximate 
solution  of  these  more  difficult  problems  that  photoelasticity  has  its 
best  application. 

The  assumptions  in  applying  the  photoelastic  method  to  stresses 
around  mine  openings  are:  (1)  those  made  for  the  solution  by  the 
theory  of  elasticity,  and  (2)  the  postulate  that  the  stresses  about  a 
mine  opening  may  be  approximated  by  the  stresses  about  a  similarly 
shaped  opening  In  a  plate  under  the  same  load  as  exists  on  a  cross- 
section  of  the  mine  opening.  The  error  involved  in  making  the  latter 
assumption  is  very  negligible  for  depths  greater  than  about  2,5  times 
the  diameter  of  the  hole,  as  shown  by  Panek^. 

Results  obtained  by  use  of  a  photoelastic  model  serve  as  a  solu¬ 
tion  for  the  prototype,  because  it  can  be  shown  mathematically  that 
for  a  prototype  opening  at  a  considerable  distance  from  the  surface 
the  prototype  13  approximately  in  a  state  of  plane  stress.  Thus,  the 
model  stresses  are  for  practical  purposes  directly  proportional  to 
the  corresponding  prototype  stresses,  because  the  mathematical  solu¬ 
tion  of  the  two  problems  is  identical  if  certain  negligible  terms  are 
omitted.  In  model  and  in  prototype,  the  stress  distribution  depends 
only  upon  the  shapes  of  the  openings  and  their  orientation  in  respect 
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to  the  applied  stresses.  Therefore,  the  scale  ratio  (ratio  of  a  linear 
model  dimension  to  the  corresponding  linear  prototype  dimension)  may  be 
chosen  at  will.  The  only  requirement  is  that  the  model  be  geometrically 
similar  to  its  prototype®. 


The  photoelastic  method  is  not  an  exact  method  of  solution,  since 
it  is  subject  to  the  errors  inherent  in  experimental  analysis.  It  has 
been  shown  by  Duvall  that  these  errors  do  not  cause  a  difference  from 
the  theoretical  value  in  the  simple  cases  of  more  than  six  percent®. 


The  primary  objective  in  moat  early  analyses  was  the  determination 
of  the  stress  distribution  around  a  tunnel  or  shaft,  or  in  pillars  or 
arches,  Only  recently  has  attention  been  directed  toward  determination 
of  the  stresses  in  a  mine  as  a  unit,  that  is,  the  stress  concentrations 
due  to  a  number  of  underground  openings. 


Stress  Distribution  Around  a  Single  Opening 

The  effect  of  making  openings  of  different  shapes  upon  the  stresses 
existing  in  rock  masses  before  the  openings  are  made  is  of  fundamental 
interest,  A  series  of  geometrical  shapes  has  been  chosen  by  various 
investigators  which  are  relatively  simple  to  solve  mathematically  and 
which  also  approximate  certain  typical  underground  openings. 

Solutions  to  these  problems  have  three  immediate  objectives: 

(1)  to  determine  the  effect  of  the  different  shapes  upon  the  stress 
concentrations  at  the  boundaries  of  the  openings  for  different  states 
of  initial  stress  in  the  rock;  (2)  to  determine  the  shape  best  suited 
(smallest  stress  concentration  induced  in  the  surrounding  rock)  for 
each  of  the  stress  field  conditions  within  the  earth;  and  (3)  to  deter¬ 
mine  approximately  the  stress  which  exists  around  actual  mine  openings. 

Circular  Openings.  A  complete  work  on  the  stresses  existing  around 
a  circular  tunnel  was  published  by  Mindlln  in  1939^.  By  means  of  the 
theory  of  elasticity  he  solved  the  problem  of  stresses  around  a  horizon¬ 
tal  cylindrical  hole  of  circular  cross-section  in  a  semi- infinite  elas¬ 
tic  solid  stressed  by  gravity.  He  assumed  that  stresses  within  the 
earth  at  different  depths  may  be  approximated  by  three  states  of  pres¬ 
sure  which  existed  before  the  opening  was  made,  as  shown  in  Figure  6.1. 
The  problem  is  one  of  mathematical  complexity.  By  introduction  of  a 
bi-polar  coorinate  system^*®,  it  is  greatly  simplified,  and  an  exact 
solution  of  the  classical  elasticity  equations  can  be  obtained.  The 
length  of  the  tunnel  is  considered  to  be  large  in  comparison  to  its 
diameter.  This  and  the  fact  that  the  body  force  is  assumed  to  be  uni¬ 
form  permits  the  treatment  of  the  problem  as  one  in  plane  strain. 

Panek®  has  made  a  further  development  in  Mindlin's  analysis  and 
its  application.  The  zone  of  stress  caused  by  the  introduction  of  an 
opening  is  confined  to  a  small  area  about  the  opening,  and  the  maximum 
tensile  and  compressive  stresses  occur  on  the  boundary  of  the  opening. 

In  general,  the  back  (roof)  and  floor  of  the  opening  are  in  tension  and 
the  ribs  (walls)  are  in  compression,  with  the  exception  that,  when 
the  lateral  Initial  earth  pressure  is  increased  to  more  than  about  one- 
half  the  vertical  pressure,  the  tangential  stress  on  the  entire  boun- 
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dary  of  the  opening  becomes  compressive.  The  critical  tensile  stress 
seldom  exceeds  in  magnitude  the  vertical  pressure  and  is  only  slightly 
affected  by  the  size  of  opening,  but  it  is  highly  sensitive  to  the 
ratio  of  lateral  to  vertical  initial  pressure.  Thus,  the  value  of 
Poisson's  ratio  for  rock  is  very  important  in  the  intermediate  case, 
since  it  determines  the  lateral  stress  field, 

The  critical  values  (on  the  horizontal  and  vertical  diameters  . 
of  the  circle  at  the  boundary)  of  the  tangential  stress  are  shown  in 
Figure  6.3  for  the  three  different  pressure  states.  In  these  cases, 
the  vertical  stress  field  is  taken  to  have  a  magnitude  of  -1,  i.e.,  it 
is  compressive.  There  is  little  change  in  magnitude  of  the  stress 
concentration  factor  for  a  depth  of  hole  to  hole  diameter  ratio  (d/h) 
of  greater  than  2,5.  This  does  not  mean  that  the  actual  stress  does 
not  increase  with  depth  but  indicates  that  the  stress  concentration 
factor  remains  constant. 

For  a  hole  at  a  considerable  distance  from  the  surface,  the  size 
of  the  opening  has  little  effect  upon  the  critical  stresses.  The  tan¬ 
gential  stress  is  shown  as  a  dimensionless  ratio  and  may  be  converted 
to  a  stress  in  pounds  per  square  inch  by  multiplying  by  1.2d,  where  d 
is  depth  from  the  surface  in  feet.  This  is  equivalent  to  assuming  a 
specific  gravity  of  2.77  for  the  rock  encountered  in  the  homogeneous 
mass . 


In  his  analysis,  Panek  compared  the  stresses  obtained  by  Mindlin 
with  stresses  for  three  cases  analogous  to  those  solved  by  Mindlin. 

The  latter  were  obtained  by  assuming  the  circular  opening  to  exist  in 
a  plate  in  a  uniform-stress  field.  The  problem  becomes  one  of  plane 
stress  rather  than  plane  strain,  simplifying  it  considerably. 

The  initial  stresses,  applied  to  the  edges  of  a  plate,  are  (Fig¬ 
ure  6.4): 

(a)  Uniform  compressive  stress  Sy  =  Sx 

(b)  Uniform  compressive  stress  S^,;  a  uniform  compressive  stress 


(c)  Uniform  compressive  stress  S  ,  Sv  =  0 . 

y  x 

The  solution  of  the  stresses  around  a  circular  opening  for  these 
stress  fields  is  accomplished  by  use  of  polar  coorinates  with  origin 
at  the  center  of  the  opening,  and  a  solution  for  the  radial,  tangential 
and  shearing  stresses  may  be  obtained  for  the  three  cases.  The  stresses 
are  independent  of  the  size  of  the  hole,  and  are  also  independent  of 
the  elastic  moduli  of  the  material.  Figures  6.5  and  6.6  show  that  the 
zone  of  stress  concentration  is  localized  in  the  neighborhood  of  the 
opening,  that  is,  within  a  distance  of  three  radii  of  the  center  of  the 
circular  opening. 

As  is  the  case  in  the  analysis  by  Mindlin,  the  critical  stresses 
occur  on  the  edge  of  the  hole  on  the  vertical  and  horizontal  diameters, 
and  they  act  parallel  to  the  boundary  of  the  hole.  Figure  6.7  illus¬ 
trates  the  variation  in  tangential  stress  around  the  perimeter  of  the 
opening  for  the  three  different  cases.  If  it  is  desired  to  find  the 
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Figure  6.3  Tangential  stresses  for  a  circular 
cylindrical  opening  in  a  semi-int inite  mass  as 
affected  by  increasing  depth. 
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Figure  6.4  Uniform  compressive  stresses  in  an  infinite  plate  at  a  great 
distance  from  any  disturbing  influence. 


Figure  6.5  Areal  distribution  of  radial 
stress  along  the  horizontal  and  vertical 
axes  of  symmetry  for  a  circular  hole  in 
an  infinite  plate. 


Figure  6.6  Areal  distribution 
of  tangential  stress  along  the 
horizontal  and  vertical  axes  of 
symmetry  for  a  circular  hole  in 
an  infinite  plate. 
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Figure  6.7  Tangential  stress  concentration  on  the 
boundary  of  a  circular  opening  in  an  infinite  plate. 


Figure  6.8  Stress  concentration  on  the  boundary 
of  an  ellipse  at  the  major  and  minor  axes  as  the 
height -to-width  ratio  varies. 
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shearing  stress  acting  at  any  point  upon  the  boundary,  it  is  merely 
one-half  the  tengential  stress.  One  can  show  that  the  maximum  shear¬ 
ing  stress  also  varies  from  point  to  point,  reaching  its  greatest 
value  on  the  edge  of  the  opening. 

When  the  opening  is  far  from  the  surface  (for  large  d/h),  the 
values  of  the  tengential  stress  for  the  three  respective  cases,  as 
determined  by  Mindlin's  analysis,  are  found  to  approach  the  corres¬ 
ponding  values  as  given  by  Panek  for  the  uniform  stress  field.  Thus, 
the  simpler  solution  may  be  used  to  determine  the  stress  concentration 
due  to  a  circular  opening  when  it  is  far  from  the  surface  of  the  rock 
mass  (when  the  roof  of  the  hole  is  at  a  distance  below  the  surface  equal 
to  more  than  twice  the  hole  diameter) .  This  is  important  because  it 
git-ally  sJiiipL  l J. j.e s  uie  LesLiiig  oi  expet  uue neat  moueis,  much  as  piaaLic 
plate  models  for  photoelastic  studies.  The  use  of  uniform-stress  fields 
permits  the  solution  of  problems,  such  as  the  introduction  of  openings 
of  geometrical,  shape  other  than  circles,  which  would  be  difficult  and 
tedious  to  solve  by  the  theory  of  elasticity. 

The  problem  of  a  circular  opening  in  a  uniform  stress  field  has 
also  been  solved  photoelastically  by  several  investigators,  and  the 
results  have  been  found  to  be  comparable  to  the  theoretical  results. 

In  most  instances,  the  case  of  a  plate  in  a  vertical  uniform  stress 
field  with  no  lateral  restraint  has  been  solved,  and  from  this,  the 
other  two  cases  have  been  obtained  by  superposition^0.  In  addition, 
numerous  problems  of  more  complex  nature  have  been  solved  by  i  se  of 
circular  openings  in  a  plate,  using  photoelastic  methods.  An  example 
is  the  case  of  a  circular  opening  very  close  to  a  free  boundary11 . 

Elliptical  Openings.  The  problem  of  stresses  around  an  elliptical 
opening  introduced  in  a  uniform  stress  field  has  been  solved  by  C.  E. 
Inglia  ,  the  solution  being  effected  by  the  use  of  curvilinear  coor¬ 
dinates.  Table  6.1  indicates  the  values  of  the  critical  boundary  stresses 
for  ratios  of  major  to  minor  axes  (w/h) ,  for  the  angle  of  inclination 
(6)  of  the  major  axis  of  the  ellipse  with  a  horizontal  plane  and  with 
the  magnitude  of  the  initial  horizontal  stress  (Sx), 

A  number  of  important  facts  may  be  established  from  the  data  given 
for  an  elliptical  opening}  (1)  In  the  case  of  hydrostatic  pressure, 
critical  compressive  stress  is  always  on  the  major  axis,  being  independ- 
end  of  6,  and  the  entire  boundary  is  in  compression.  The  minimum  stress 
occurs  on  the  minor  axis,  (2)  For  a  horizontal  stress  field  (s.  )  less 

than  the  vertical  stress  field  (S^),  the  critical  compressive  sLress 

occurs  at  the  sides  of  the  opening  and  the  critical  tensile  stress  at 
the  top  and  bottom,  (3)  For  a  given  Sx  and  w/h,  the  critical  compres¬ 
sive  stress  is  greatest  at  5  =  0  deg.  and  smallest  at  8  -  deg,  (4) 

Critical  compmsslve  stress  Increases  linearly  with  increasing  w/h  when 
8  is  small. 

Some  interesting  results  may  be  obtained  by  altering  the  shape  of 
the  ellipse.  Starting  with  a  circular  shape  and  elongating  the  horizon¬ 
s'  tal  diameter,  the  rib  compression  increases,  and  the  back  stress  concen¬ 

tration  factor  becomes  more  tensile,  never  exceeding  +1,  however.  Start- 
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TABLE  6.19 

Critical  Values  of  Tangential  Stress  on  an  Elliptical  Boundary 

<Sy  P  -1) 


Critical  Value  of  o 


w/h 

6 

S 

X 

=  0 

S 

X 

"  Sy/3 

Sx  "  S 

1 

1.0 

-3.0 

0 

-2.7 

-2.0 

2 

0 

1.0 

-5.0 

0.33 

-4.7 

-4.0 

22% 

1.0 

-4.6 

0.29 

-4.3 

-4.0 

45 

1.1 

-3.7 

0.13 

-3.5 

-4.0 

67% 

1.1 

-2.5 

(-0.25) 

-2.4 

-4.0 

90 

1.0 

-2.0 

(-0.67) 

-1.7 

-4.0 

3 

0 

1.0 

-7.0 

0.44 

-6.7 

-6.0 

22% 

1.1 

-6.3 

0.43 

-6.1 

-6.0 

45 

1.3 

-4.6 

0.29 

-4.7 

-6.0 

67% 

1.2 

-2.7 

(-0.23) 

-3.0 

-6.0 

90 

1.0 

-1.7 

-1.33 

-1.3 

-6.0 

4 

0 

1.0 

-9.0 

0.50 

-8.7 

-8.0 

22% 

1.2 

-8.0 

0.52 

-8.0 

-8.0 

45 

1.5 

-5.8 

0.42 

-6.1 

-8.0 

67% 

1.4 

-3.0 

(-0.14) 

-3.7 

-8.0 

90 

1.0 

-1.5 

-2.00 

(-1.2) 

-8.0 

Parentheses  indicate  that  the  value  le  not  actually  a  critical  one. 
w/h  =i  the  ratio  of  the  major  to  minor  axis 

6  =  the  angle  of  inclination  of  the  major  axis  with  the  horizontal. 
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ing  with  a  circular  shape  and  elongating  the  vertical  diameter,  the  rib 
compression  decreases  slightly  and  the  back  stress  becomes  more  compres¬ 
sive  for  most  values  of  S„  (Figure  6.8). 

Variation  of  the  lateral  pressure  S  has  little  effect  on  the  criti¬ 
cal  rib  stress,  but  is  a  major  factor  in  aetermining  the  critical  back 
stress,  The  critical  stresses  are  at  a  minimum  when  the  maximum  rib 
stress  is  equal  to  the  maximum  back^stress.  This  is  true  only  when  8  = 

90  deg.,  or  when  w/h  =  1  (a  circle)  .  By  use  of  the  equation  determin¬ 
ing  the  tangential  stresses  around  an  elliptical  opening,  and  the  fact 
that  the  minimum  critical  stresses  occur  at  8  =  90  deg.,  it  can  be  shown 
that  the  shape  of  the  ellipse  for  which  the  critical  stresses  are  a  min¬ 
imum  is  given  by  w/h  =  S  Sx»  from  which  it  can  be  seen  that  the  larger 
5?  9  Hi!'  more  r>1  onnstod  rhe  pi  1  ipse.  When  Hip  shape  of  the  ellipse  is 
given  by  the  above  formula,  the  ellipse  having  its  major  axis  vertical, 
it  can  also  be  shown  that  the  magnitude  of  minimum  critical  stress  is 
given  by  a  =i  Sy  +  Sx,  a  compression  equal  to  the  sum  cf  the  initial  ver¬ 
tical  and  horizontal  earth  pressures. 

Ovaloidal  Openings.  The  case  of  an  ovaloid  hole  in  a  uniformly 
loaded  plate  was  investigated  by  Greenspan1-*  first  as  an  ovaloid  which 
was  a  square  with  a  semi-circle  erected  on  each  of  two  opposite  sides. 

A  solution  of  this  problem  was  obtained  by  approximating  a  true  ovaloid 
with  a  figure  which  could  be  represented  by  a  simple  set  of  parametric 
equations,  A  plate  was  considered  to  be  in  a  state  of  generalized  plane 
stress,  the  stress  at  points  remote  from  the  hole  having  the  constant 
normal  components  in  the  horizontal  direction  ax  =  Sx  and  in  the  verti¬ 
cal  direction  oy  =  Sy;  the  constant  shearing  stresB  was  t  =  T  .  By 
making  use  of  a  curvilinear  coorinate  system,  an  equation  Tor  the  tan¬ 
gential  stress  about  the  opening  was  obtained.  As  examples  of  this 
solution,  two  complete  calculations  were  obtained,  one  considering  a 
tension  applied  to  the  plate  as  parallel  to  the  long  axis  of  the  ovaloid, 
and  the  other  considering  a  tension  applied  parallel  to  the  short  axis 
as  ovaloid.  To  apply  these  results  to  an  underground  opening  it  Is 
necessary  to  compare  the  solution  for  the  stresses  in  a  plate  with  an 
ovaloid-shape  hold,  which  is  in  a  state  of  plane  stress,  with  that  of 
stresses  around  a  horizontal  cylindrical  opening  with  an  ovaloid  cross- 
section  in  a  semi-infinite  mass,  which  is  in  a  state  of  plane  strain. 

This  comparison  is  justified,  as  the  difference  in  magnitudes  of  the 
solutions  for  plane  stress  and  plane  strain  is  negligible. 

By  the  principle  of  superposition  the  results  may  be  added  to 
obtain  the  stress  conditions  existing  around  the  ovaloid  opening  for 
any  of  the  three  basic  stress  fields.  Figure  6.9  illustrates  the  tangen¬ 
tial  stresB  existing  around  a  square  with  semi-circular  ends  and  with 
the  major  axis  vertical  or  horizontal,  respectively,  for  the  three 
states  of  stress. 

Duvall®  employed  the  photoelastic  method  for  a  series  of  ovaloidal 
openings  with  axes  parallel  and  perpendicular  to  an  applied  unidirec¬ 
tional  stress  field;  he  determined  the  maximum  stress  concentration 
on  the  boundary,  as  well  as  the  stress  concentrations  at  the  ends  of 
each  axis,  (Table  6.2).  As  the  height- to-width  ratio  decreases,  the 
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Figure  6.9  Tangential  stress  concentration  on  the  boundary 
of  an  ovaloidal  opening  (square  with  semi-circles  attached 
to  opposite  ends). 
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TABLE  6.27 


Ovaloidal 

Openings  - 

Unidirectional 

Stress  Field 

Height  of 

Width  of 

Ratio 

Stress  Concentration 

Opening 
h  (in.) 

Opening 
w  (in.) 

of  h/w 

at  End  of 
Vertical 

Axis 

at  End  of 
Horizontal 
Axis 

Maximum 

0.388 

1.504 

0.258 

-0.93 

5.35 

5.35 

.339 

1.141 

.341 

-1.07 

4.75 

4.75 

.764 

1.500 

.509 

-1.01 

4.14 

4.14 

.389 

.761 

.512 

-0.92 

4.02 

4.02 

.391 

.391 

1.000 

-1.09 

3.17 

3.17 

.767 

.767 

1.000 

-1.14 

3.05 

3.05 

1.511 

.764 

1.98 

-1.20 

1.90 

2.64 

2.262 

.765 

2.96 

-1.17 

1.72 

2.40 

2.512 

.765 

3.29 

-1.28 

1.6 

2.35 

3.015 

.765 

3.94 

-1.17 

1.65 

2.33 

TABLE  6.37 


Stress  Concentration  for  Ovaloids  -  Hydrostatic  Stress  Field 


Ratio  of  Minor 

Axis  to  Malor  Axis 

Stress 

at  End  of  Maior  Axis 

Concentration* 

at  End  of  Minor  Axis 

1.00 

2.10 

2.10 

1.00 

1.98 

1.98 

,51 

2.95 

OD 

,34 

3.68 

.65 

.257 

4.28 

.58 

*  Computed  from 

unidirectional  stress 

field 

data. 
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maximum  stress  concentration  increases  without  limit.  (See  Figure  6.10). 
The  experimental  points  were  obtained  by  means  of  the  photoelastic  method. 

The  relation  between  the  height-to-width  ratio  and  the  stress  con¬ 
centration  on  the  horizontal  axis  of  an  ovaloid  at  its  boundary  is 
given  in  Figure  6.11,  as  compared  to  corresponding  data  for  an  ellipti¬ 
cal  opening.  From  a  comparison  of  Figures  6.10  and  6.11,  it  can  be  seen 
that  the  maximum  stress  concentration  at  the  boundary  of  an  ovaloid  does 
not  necessarily  exist  on  the  horizontal  axis  of  the  ovaloid,  and  may 
differ  considerably  from  the  stress  concentration  on  the  horizontal  axis. 
The  stress  concentration  produced  on  the  ends  of  the  vertical  axis  of 
an  ovaloid  in  a  unidirectional  stress  field  is  approximately  equal  in 
magnitude,  but  opposite  in  sign,  to  the  applied  stress  field  and  is 
practically  independent  of  the  height-to-width  ratio.  From  data  obtained 
for  ovaloidal  openings  in  thin  plates  subjected  to  a  unidirectional  stress 
field,  the  boundary  stresses  for  a  hydrostatic  stress  field  are  obtained 
by  algebraic  addition  of  stresses.  Table  6.3  indicates  the  stress  con¬ 
centration  at  the  ends  of  the  major  and  minor  axes  of  an  ovaloid  in  a 
hydrostatic  stress  field.  The  stress  concentrations  are  compressive  at 
the  ends  of  both  axes  of  the  ovaloid  regardless  of  the  major  to  minor 
axis  ratio.  As  the  major  to  minor  axis  ratio  increases,  the  stress  con¬ 
centration  at  the  end  of  the  major  axis  increases,  and  that  at  the  end 
of  the  minor  axis  decreases  in  a  like  manner. 

Rectangular  Openings.  Studies  have  been  made  of  the  influence  of 
a  rectangular  opening  with  a  short  dimension  h,  a  long  dimension  w,  and 
a  small  fillet  of  radius  of  curvature  r  at  the  corners  upon  the  stresses  ^ 
in  a  platCgSub jected  to  the  three  aforementioned  states  of  stress.  Panek 
and  Duvall  have  furnished  considerable  information,  largely  from  photo- 
elastic  experiments,  about  the  stress  concentrations  existing  around 
rectangles  with  dimensions  of  varying  proportions.  Interest  lies  pri¬ 
marily  in  the  effects  upon  the  maximum  stress  concentration  of  varying 
the  long-to-short  dimension  ratio  (w/h) ,  the  radius  of  curvature-to- 
short  dimension  ratio  (r/h)  or  the  angle  S>  which  Lhe  long  dimension  w 
makes  with  the  horizontal. 

Considec  an  opening  of  rectangular  cross-section  in  a  plate  in  a 

two-dimensional  stress  field,  where  is  the  applied  vertical  stress 

and  Sv  is  the  applied  horizontal  stress.  Sx  is  permitted  to  possess 

all  values  between  zero  anc!  S  .  For  small  Sv/S„  there  will  be  a  ten- 

y  y 

sile  boundary  tangential  stress  on  the  top  and  bottom  of  the  opening. 

With  the  major  dimension  of  the  rectangle  horizontal,  the  critical  ten¬ 
sile  stress  occurs  at  the  center  of  Lhe  back  and  floor.  As  Lhe  angle 
of  the  major  dimension  of  the  rectangle  with  the  horizontal  increases, 
the  critical  compressive  stress  moves  from  Lhe  intersection  of  the 
fillets  with  the  vertical  sides  to  the  lateral  fillets,  and  the  criti¬ 
cal  tensile  stress  shifts  to  the  highest  and  Lowest  both  occurring  at 
or  close  to  the  ribs.  After  a  90  deg.  roLation,  the  critical  stresses 
are  again  tensile  at  the  center  of  the  top  and  bottom  and  compressive 
at  the  ribs  near  the  fillets. 

For  values  of  Sx  near  zero  (no  lateral  testraint)  and  between  30 
and  80  deg.,  the  critical  tensile  stress  becomes  excessively  high; 
under  ether  conditions  it  does  not  exceed  +1.  Tne  value  of  the  criti¬ 
cal  tensile  stress  is  sensitive  to  the  value  of  S  ,  decreasing  as  the 
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Figure  6,10  Maximum  stress  concentration  as  a 
function  of  heilght-to-width  ratio  for  ovaloidal 
opening  -  unidirectional  stress  field. 
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Figure  6.11  Stress  concentration  at  end  of  axis 
perpendicular  to  the  direction  of  applied  stress 
as  a  function  of  height-to-width  ratio  -  unidirec¬ 
tional  stress  field. 


6.20 


ratio  of  S  /S  increases.  For  values  of  S  greater  than  S  / 2,  the 
stress  on  ^he^boundary  of  the  rectangle  becomes  wholly  compressive 
in  nature.  The  critical  compressive  stress  increases  linearly  with 
increasing  w/h,  and  is  not  altered  to  any  extent  by  increase  in  the 
lateral  pressure  for  small  values  of  S.  For  values  of  5  less  than  80 
deg.,  the  critical  tensile  stress  decreases  slightly  with  an  increase 
in  w/h. 

Figure  6.12  gives  the  relation  between  the  maximum  stress  concen¬ 
tration  and  the  helght-to-width  ratio  (h/w)  for  a  rectangular  opening 
in  a  plate  placed  in  a  unidirectional  stress  field.  The  maximum  stress 
concentration  increases  without  limit  as  h/w  decreases,  but  the  rate 
of  increase  is  not  as  great  as  for  ovaloidal  or  elliptical  openings. 

As  the  fillet  radius  decreases  from  r/h  =  1/4  to  r/h  =  1/12,  the  criti¬ 
cal  compressive  stress  increases;  the  stress  at  r/h  =  1/12  is  only  1.5 
times  greater  than  for  r/h  --  1/4.  The  smaller  the  radius  of  curvature 
of  the  fillet,  the  nearer  the  critical  compressive  stress  is  located 
toward  the  center  of  the  fillet. 

The  tangential  boundary  stresses  occurring  on  the  perimeter  of 
a  square  (a  special  case  of  a  rectangle)  for  the  three  types  of  initial 
stress,  were  also  developed  by  Greenspan1 J ,  (Figure  6.13).  The  maximum 
compressive  stress  on  the  boundary  occurs  at  the  filleted  corner,  and 
for  hydrostatic  pressure  the  maximum  stress  concentration  has  a  value 
of  4.57  as  compared  to  1.0  for  a  circle  under  the  same  conditions.  As 
the  applied  horizontal  stress  decreases,  the  roof  stress  becomes  more 
tensile  but  is  never  greater  than  about  +0.8. 


Summarv 


In  order  to  apply  the  results  obtained  to  long  single  openings 
in  underground  mines  where  the  rock  formations  approach  being  a  homo¬ 
geneous  elastic  medium,  it  is  necessary  to  compare  the  stress  concentra¬ 
tions  for  the  different  shapes  of  opening  for  each  of  the  three  states 
of  rock  pressure. 


No  Lateral  Restraint.  For  an  opening  introduced  in  a  unidirectional, 
force  field  (no  lateral  restraint),  two  important  facts  can  be  determined. 
(1)  To  reduce  the  maximum  stress  concentration  around  an  opening  having 
a  height -to-width  ratio  greater  than  unity,  the  opening  should  approxi¬ 
mate  an  ellipse.  (2)  To  reduce  the  maximum  stress  concentration  around 
an  opening  having  height-to-width  ratio  less  than  unity,  the  opening 
should  approximate  a  rectangle  with  rounded  corners.  Figure  6.14  gives 
a  comparison  of  stress  concentrations  for  different  shape  openings  in 
a  unidirectional  tield.  Stress  concentration  decreases  with  an  increase 
in  h/w.  It  is  observed  that  when  h/w  =  1,  an  ellipse  becomes  a  circle 
and  a  rectangle  becomes  a  square.  A  rectangle  with  r/h  =  ^  is  an  ova- 
loid;  and  when  h/w  =  1,  this  also  becomes  a  circle.  Figure  6.15  illus¬ 
trates  the  shape  of  opening  which  is  most  favorable  for  a  given  condi¬ 


tion  of  rna .] or -to -minor  axis  ratio  and  angle  of  inclination  (5)  of  the 

major  axis  with  the  horizontal  where  S  =  -1  and  S  =  S  /3  (n  for  S  = 
•*  y  x  y  l  x 

0  differs  very  little  from  o  for  S_  -^yS  /3).  This  conclusion  agrees 

with  that  obtained  from  Figure  6.14?  y 
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Figure  6„1.2  Maximum  stress  concentration  as  a  function  of 
height -to-width  ratio  for  rectangular  openings  having  slightly 
rounded  corners  -  unidirectional  stress  field. 


Figure  6.13  Tangential  stress  concentration  on  the  boundary 
of  a  square  opening  in  an  infinite  plate  for  the  three  initial 
states  of  stress. 
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gurc  6.14  Effect  of  shape  of  opening  on  maximum  stress  concen- 
ation  -  unidirectional  stress  field. 


Figure  6.15  Comparison  of  critical  compressive  tangential  stress 
for  rectangles  and  ellipse. 
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The  two  Important  factors  that  cause  high  stress  concentrations 
around  openings  in  a  unidirectional  stress  field  are  a  height-to-width 
ratio  less  than  unity  and  sharp  corners  on  the  horizontal  axis  of  the 
hole.  The  maximum  stress  concentration  is  related  to  the  maximum  com¬ 
pressive  stress  which  exists  in  the  vicinity  of  the  opening,  in  general 
found  in  some  portion  of  the  immediate  ribs.  It  is  necessary  to  choose 
a  shape  of  opening  such  that  the  compressive  stresses  induced  are  not 
sufficient  to  cause  crushing  of  the  ribs  or  other  type  of  failure  of 
the  opening  such  as  shearing. 

A  stress  concentration  occurs  at  the  middle  of  the  back  and  floor 
which  is  tensile  in  nature.  It  is  approximately  equal  in  magnitude  to 
the  initial  vctticlo.  pressure  for  the  different  shapes  of  openings. 

This  stress  may  cause  roof  failures  in  many  instances  where  the  strength 
of  the  roof  as  a  unit  is  less  than  the  tensile  stress  concentration. 

In  the  choice  of  openings,  the  shape  which  induces  the  least  critical 
compressive  stress  is  usually  preferred  for  design  purposes.  This 
choice  is  based  not  only  on  the  qualification  that  the  critical  com¬ 
pressive  stresses  be  minimized,  but  also  on  the  fact  that  the  shape 
which  induces  the  least  critical  compressive  stress  generally  induces 
the  least ‘critical  tensile  stress.  The  least  critical  compressive 
stress  Induced  by  an  opening  in  a  unidirectional  stress  field  occurs 
in  the  case  of  an  ellipse  with  h/w  greater  than  5. 

Laterally  Restrained.  In  choosing  the  most  desirable  shape  of  open¬ 
ing  for  a  laterally  restrained  plate  in  a  uniform  stress  field,  we  assume 
that  S  =  S  /3.  This  is  equivalent  to  assuming  that  v  -  0  25  for  the 

rock  in  theyvicinity  of  the  hole,  since.  S  -  .  V S  in  the  case  of  a 

>:  1  -  v  y 

laterally  restrained  plate.  The  tangential  stress  pattern  around  an 
opening  is  a  laterally  restrained  plate  does  not  differ  greatly  from 
the  tangential  stress  for  a  plate  without  lateral  restraint,  but  the 
magnitude  of  the  tensile  stress  is  decreased  markedly. 

The  trends  of  the  critical  compressive  stress  with  the  height-to- 
width  ratios  are  plotted  in  Figure  6..15.  Ovaloids  (rectangles  whore 
l’/h  -  }i)  have  not  been  included.  It  can  bp  seen  by  interpolation, 
noting  that  an  ellipse  and  ovaloid  are  equivalent  when  w  -  h,  that  for 
height-to-width  ratios  less  than  about  1,  the  ovaloids  (rectangles  with 
maximum  radius  fillets)  are  the  preferred  shape.  For  h/w  between  1 
and  4,  the  most  favorable  shape  is  that  of  an  ellipse.  For  h/w  greater 
than  4,  ovaloids  are  again  the  most  favorable  shape.  The  lowest  pos¬ 
sible  critical  compressive  stress  is  induced  by  an  ellipse  h/w  =  3. 

Hydrostatic  Pressure.  Under  conditions  of  hydrostatic  pressure 
the  ovaloid  induces  the  smallest  critical  stress  throughout  the  ranges 
of  h/w  considered.  Next  best  shapes  are  an  ellipse  for  h/w  less  than 
2,  and  a  rectangle  with  large  radius  fillet  for  h/w  greater  than  2 
(Figure  6  lb) .  The  least  possible  critical  compressive  stress  is  Induced 
by  an  opening  of  circular  cross  section. 

Stress  Distribution  around  Multiple  Openings 

Often  openings  may  occur  sufficiently  close  together  that  the 
introduction  of  one  opening  affects  the  stress  concentrations  around 
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Figure  6.16  Comparison  of  critical  compressive  tangential  stress 
for  rectangles  and  ellipse  under  conditions  of  hydrostatic  pressure. 
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another.  This  condition  is  of  primary  importance,  because  stress  con¬ 
centrations  are  increased  when  two  or  more  openings  are  in  close  prox¬ 
imity.  In  the  case  of  multiple  openings,  interest  is  again  centered 
upon  the  points  of  maximum  stress  concentration,  as  well  as  the  stress 
distribution  in  pillars  formed  by  two  or  more  openings,  the  relation¬ 
ships  between  stress  concentrations,  and  the  size  and  shape  of  pillars. 

In  specific  applications  to  mining  operations  or  protective  con¬ 
struction  the  results  from  a  study  of  multiple  openings  may  be  used  to 
estimate  the  stress  distribution  in  pillars  to  show  what  factors  cause 
high  local  stresses  and  how  local  stresses  may  be  reduced  by  the  proper 
design  of  openings.  There  have  been  only  a  few  mathematical  solutions 
of  the  problems  of  stress  distribution  around  multiple  openings.  Solv¬ 
ing  these  problems  by  the  theory  of  elasticity  involves  very  complex 
equations  for  the  most  simple  geometric  shapes;  thus  only  a  few  have 
been  made.  The  photoelastic  method,  however,  lends  itself  readily  to 
the  solution  of  these  problems. 

In  addition  to  the  simplifying  assumption  made  above  the  further 
assumption  is  made  for  multiple  openings  that  each  pillar  is  uniform 
in  width  and  height  and  is  long  in  comparison  to  its  width  and  height. 
In  these  problems  solutions  were  obtained  assuming  a  condition  of 
plane  stress.  This  produced  results  which  are  approximately  equal  to 
the  actual  conditions  existing  around  openings  which  are  in  a  state  of 
plane  strain,  (The  equations  differ  only  by  lnfinitesmals) . 

Only  two  types  of  stress  fields  are  considered  here.  They  are 
that  of  (1)  hydrostatic  pressure,  and  (2)  no  lateral  restraint.  These 
two  states  represent  the  hypothetical  limits  of  stress  expected  under¬ 
ground  and  the  stresses  existing  within  the  earth  where  openings  are 
introduced  should  fall  between  these  extremes. 

Circular  Openings.  The  problem  of  two  circular  openings  and  the 
pillar  left  between  them  was  solved  by  Ling1^  analytically.  He  deter¬ 
mined  the  critical  compressive  stresses  within  the  pillar  (on  horizon¬ 
tal  diameters  at  the  boundary  of  the  bolus) .  For  a  ratio  of  pillar 
width  to  opening  height  P/h  =  2,  these  stresses  differ  little  from 
those  for  a  single  opening.  The  dif reroutes  in  ac  between  small  P/h 
and  large  P/h  is  less  than  1  (see  Table  6,4).  The  critical  compres¬ 
sive  stresses  range  between  -3.26  and  -2.99  for  the  case,  of  no  lateral 
restraint,  and  between  -2.89  and  -2.05  for  hydrostatic  pressures; 

<Sy  -D- 
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Duvall  solved  the  problem  of  two  circular  openings  which  were 
placed  in  a  unidirectional  stress  field  supplied  perpendicular  to  the 
line  of  centers  of  the  two  holes,  as  indicated  in  Figure  6.17.  The 
stress  concentrations  were  determined  photoelas tical ly  at  points  A,  B 
and  C,  as  the  opening-Lo-pil lar  width  ratio  was  varied.  The  stress 
concentration  at  position  B  (pillar  rib)  proved  to  be  the  maximum.  The 
stresses  noted  at  A  and  B  are  tangent  to  the  boundary  of  the  opening 
and  are  compressive  in  nature.  The  stress  at  oosition  C  is  tangent 
to  the  boundary,  equal  in  magnitude  to  the  applied  stress  field  (S^)  , 
and  of  opposite  sign.  An  increase  in  the  ratio  of  opening- to-pill£r 
width  causes  an  increase  of  stress  enneenfra r i on  at  A  and  B.  The 


6.26 


StrMS  cMCMfretion 


Figure  6.17  Stress  concentration  ae  a  function  of  the 
ratio  of  opening  width  to  pillar  width  in  an  applied 
stress  field  perpendicular  to  line  of  centers. 


6.27 


TABLE  6.49 


Critical  Compressive  Tangential  Stress 
for  a  Pair  of  Circular  Holes 


(S^  =  1;  Solution  by  Theory  of  Elasticity) 


P/h 


Critical 


S  =  0 
x 


S  =  S 
x  y 


-3.2b 

-3.02 


-2.89 

-2.41 


2  -2.99  -2.16 

4  -3.00  -2.05 


P/h  =  the  ratio  of  pillar  width  to  opening  height. 
Applied  stress  field  is  perpendicular  to  the  line 
of  centers  of  the  holes. 


stress  concentration  is  always  greater  at  h  than  at  A,  and  the  rate 
of  increase  with  greater  opening-to-pillar  width  Is  also  greater  at  B 
than  at  A.  Table  6.5  lists  the  results  of  photoelastic  studies  with 
two  circular  openings.  These  results  compare  favorably  with  those  given 
by  mathematical  analysis.  Jn  addition,  they  show  that  for  P/h  less  than 
a  width  of  openlng-to-pillar  width  ratio  of  greater  than  2,  the  stress 
concentration  at  the  pillar  rib  Increases  very  rapidly. 

The  dl.8trlhut.lon  of  shear  stress  in  the  pillar  (Figure  6.18) 
becomes  more  nearly  uniform  as  the  opening-to-width  ratio  becomes  large. 
This  indicates  that  for  a  small  pillar  formed  by  two  large  openings, 
the  average  stress  in  the  pillar  is  almost  as  large  as  the  maximum  stress. 

Stress  concentrations  caused  by  three  circular  openings  (centers 
lying  on  a  straight  line)  were  also  evaluated  by  Duvall®  using  photo¬ 
elastic  methods  for  the  condition  of  no  lateral  restraint.  The  stress 
concentrations  were  determined  ut  points  A,  B,  C,  D  and  E  (see.  Figure 
6.17)  ns  the  ratio  of  opening  width  to  pillar  width  was  varied.  Table 
6.6  gives  the.  data  pertaining  to  this  seties.  The  stress  concentration 
at  position  C  (inner  ribs  of  pillars)  is  the  maximum  which  occurs  within 
the  plate.  The  stresses  at  A,  B  and  (J  have  the  same  sign  as  the  applied 
stress,  and  the  stresses  at  D  and  E  have  the  opposite  sign  to  the  applied 
stress. 

Figure  6.17  shows  Lite  relationship  between  the  opening-to-p 1 1 lar 
width  ratio  and  the  stress  concentration  at  positions  A,  B  and  C  for 
the  three  circular  openings.  The  stress  concentrations  at  C  are  not 
only  largest,  but  also  show  the  greatest  Increase  with  Increase  in  the 
opening-to-pillar  width  ratio.  Stress  concentrations  at  C  range  from 
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TABLE  6.58 


Stress  Concentration  for  a  Plate 


Containing  Two  Circular  Openings 

(Solution  by 

Photoelasticity) 

Ratio 

of  Opening  Width 

Stress  Concentration 

at  Positions 

to 

Pillar  Width 

A 

B 

C 

0.530 

2.97 

2.97 

-0.97 

.808 

3.03 

3.03 

-0.91 

1.66 

3.08 

3.20 

-0.93 

3.01 

3.13 

3.61 

-0.96 

3.56 

3.27 

3.97 

-1.07 

A. 74 

3.42 

4.61 

-1.04 

Applied  stress  field  is 

perpendicular  to  the  line  of 

centers 

of 

the  holes. 

TABLE 
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Stress  Concentration  for  a  Plate 

Containing  Three 

Circular  Opening 

£ 

(Solution  by  Photoelasticity) 

Ratio  of  Opening  Stress  Concentration  at  Positions 

Width  to  Pillar 


Width 

A 

B 

C 

D 

E 

1.08 

3.21 

3.21 

3.21 

-0.81 

-1.02 

2.22 

3.47 

3.56 

3.74 

-0.93 

-1.02 

2,61 

3.60 

3.88 

c 

CO 

-0.94 

-1.02 

4.76 

3.80 

4  .92 

5.12 

-1.05 

•I  .05 

AppLled  stress 
the  holes. 

field  is  perpendicular 

to  the 

line  of  centers  of 

Figure  6.18  Distribution  of  shear  stress  in  pillar 
formed  by  two  circular  holes  -  applied  stress  field 
perpendicular  to  line  of  centers. 
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Figure  6„19  Shear  stress  distribution  in  central 
pillars  -  plate  containing  five  circular  openings 
in  an  applied  stress  field  perpendicular  to  line 
of  centers. 
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3.21  for  opening-to-pillar  width  ratio  of  1.08,  to  5.12  for  opening- 
to-pillar  width  ratio  of  5.12.  This  is  a  sizeable  increase  over  the 
stresses  Induced  by  two  circular  openings. 

1 5 

Capper  '  also  studied  by  photoelastic  methods  the  problem  of 
three  circular  holes  in  a  plate  subjected  to  a  stress  perpendicular 
to  their  line  of  centers.  The  case  of  a  plate  whose  edge  was  at  a 
distance  of  two  radii  from  the  center  of  the  outside  hole  was  investi¬ 
gated.  Green16  solved  a  similar  problem  theoretically  in  which  he 
assumed  an  infinitely  wide  plate.  Duvall's  photoelastic  solutions 
utilized  plates  where  the  width  was  such  that  the  distance  from  the 
edge  of  the  plate  to  the  center  of  the  outside  hole  was  equal  to  or 
greater  than  four  times  the  radius  of  the  outside  opening.  The  three 
solutions  are  in  reasonable  agreement  if  the  differences  in  edge  con¬ 
ditions  are  taken  into  account. 

The  case  of  five  circular  holes,  forming  four  pillars,  (see 
Figure  6.17)  was  solved  by  Duvall®,  The  load  was  applied  perpendi¬ 
cular  to  the  line  of  centers,  and  the  stress  concentrations  at  posi¬ 
tions  A,  B,  C,  0  and  E  were  determined  photoelastically  (Table  6.7). 
The  stress  concentrations  produced  on  the  boundary  of  the  circles  at 
the  ends  of  the  diameters  perpendicular  to  the  line  of  centers  of  the 
openings  are  approximately  unity;  they  are  of  opposite  sign  to  the 
applied  stresses,  that  is,  tension  occurs  when  the  applied  stress  is 
compression.  Figure  6.17  shows  the  relation  between  the  opening-to- 
pillar  width  ratio  and  the  stress  concentrations  at  positions  A,  B 
and  E.  The  difference  between  the  stress  concentration  for  positions 
E,  D,  C  and  B  is  small,  but  between  B  and  A  it.  is  large.  Thus  for  a 
large  number  of  openings  the  maximum  stress  concentrations  in  all  but 
the  outermost  pillars  is  nearly  uniform,  being  less  in  the  pillars 
near  the  side  walls  than  in  the  central  pillars. 


TABLE  6. 7 8 


Stress  Concentration  for  a  Plate 
Containing  Five  Circular  Openings 

(Solution  by  Fhotoelaslie.i  ty) 

Ratio  of  Opening  Stress  Concentration  at  Positions 

Width  to  Pillar 


Width 

A 

B 

C 

P 

E 

1.07 

3.29 

3.29 

3.29 

3,29 

3.29 

2.71 

3.63 

3.72 

3.89 

4.03 

4.03 

2.96 

3.53 

A .  08 

4.22 

4.39 

4 . 39 

4.  75 

3  96 

5.12 

5  7  2 

5.28 

5.28 

Applied  stress  fl.eiri  is  perpendicular  to  the  line  ot  centers  ol: 
t  r  ■  ■  hz-'es. 
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The  distribution  of  shearing  stress  through  the  central  pillars  at 
the  line  of  centers,  Figure  6.19,  indicates  that  the  maximum  stress  con¬ 
centration  produced  in  the  pillars  dees  not  increase  as  rapidly  as  the 
average  pillar  stress  with  an  increase  in  room-to-pillar  width.  There¬ 
fore  the  average  stress  in  the  pillar  is  very  close  to  the  maximum  stress 
for  large  ratios  of  room-to-pillar  width. 

The  theoretical  stress  distribution  was  studied  by  Howland17  for 
an  infinitely  wide  plate  containing  an  infinite  row  of  circular  holes, 
the  plate  being  subjected  to  a  uniform  stress  perpendicular  to  the 
lines  of  centers  of  the  holes  (no  lateral  restraint).  Duvall's  exper¬ 
imental  photoelastic  analysis  of  the  stress  distribution  for  five  cir¬ 
cular  boles  in  a  plate  with  edges  a  finite  distance  (4  times  the  radius 
of  a  hole)  from  the  center  of  the  outside  hole,  which  was  done  under 
similar  conditions,  was  found  to  be  in  close  agreement  with  Howland's 
theoretical  study.  Howland  found  the  stress  concentration  at  the  end 
of  the  horizontal  hole  diameters  to  be  3.24  when  the  ratio  of  opening 
width  to  pillar  width  was  1.0,  and  Duvall  found  that  the  stress  concen¬ 
tration  in  the  center  pillars  for  five  openings  was  3.29  for  opening- 
to-pillar  width  ratio  of  1.07.  This  agreement  indicates  that  five  cir¬ 
cular  holes  approach  the  condition  of  a  row  of  an  infinite  number  of 
holes  in  an  infinite  plate. 

By  plotting  the  maximum  stress  concentration  against  the  number 
of  pillars  for  a  given  ratio  of  opening-to-pillar  width  (Figure  6.20), 
it  is  observed  that  for  five  openings  the  maximum  stress  concentration 
in  the  pillars  has  reached  an  asymptotic  value  and  the  addition  of  sim¬ 
ilar  openings  would  not  increase  the  maximum  stress  concentration  appre¬ 
ciably.  The  stress  concentration  in  the  central  pillars  (Figure  6.21) 
for  five  openings  approaches  the  average  stress  concentration  in  the 
pillars  for  opening-to-pillar  width  ratios  greater  than  4. 

Ovaloidal  Openings.  The  stresses  around  two  ovaloidal  openings 
(height-to-width  ratio  of  0.5)  were  investigated  by  DuvallS.  A  load 
was  applied  perpendicular  to  the  line  of  centers  of  the  openings  (Fig¬ 
ure  6.22)  and  the  stress  concentrations  produced  were  measured  by  means 
of  the  photoelastic  method.  The  stress  at  position  C  (Table  6.8)  is 
of  opposite  sign  to  the  applied  stress  (that  is,  tension  occurs  if  the 
applied  stress  is  compression)  and  is  somewhat  less  than  the  applied 
stress.  The  stresses  at  positions  A  and  B  are  of  the  same  sign  as  the 
applied  stress.  The  stress  concentration  at  point  B  is  the  maximum  on 
the  boundary  of  the  openings.  The  relation  between  the  opening-to- 
pillar  width  ratio  and  the  stress  concentrations  at  positions  A  and  B  is 
given  in  Figure  6.22.  For  small  opening-to-pillar  width  ratios  two  cir¬ 
cular  openings  produce  a  much  smaller  stress  concentration  than  two  ova¬ 
loidal  openings,  whereas  for  large  opening-to-pillar  width  ratios  the 
stress  concentrations  are  almost  the  same  as  for  two  shapes  of  opening, 
although  circular  openings  are  still  slightly  favorable. 

With  five  ovaloidal  openings (height-to-width  ratio  of  openings 
equal  to  0.5),  the  stress  concentrations  produced  were  evaluated  photo- 
elasticallv.  Figure  6.22  indicates  the  manner  of  loading  and  positions 
A,  B,  C,  D  and  E  where  stress  concentrations  were  determined.  The 
stresses  at  positions  A,  B,  C,  D  and  E  have  the  same  sign  as  the  applied 
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Numbar  of  pillars 


Figure  6.20  Relation  between  Maximum  stress  concen¬ 
tration  and  number  of  pillars  for  ratio  of  opening 
width  to  pillar  width  of  4.0. 
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Figure  6.21  Maximum  stress  concentration  in  pillar 
formed  by  circular  openings  as  a  function  of  the 
ratio  opening  width  to  pillar  width  in  an  applied 
stress  field  perpendicular  to  line  of  centers. 
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TABLE  6.88 

Stress  Concentration  for  a  Plate 
Containing  Two  Ovalotds 

(h/w  =  0.5;  Solution  by  Photoelasticity) 


Ratio  of  Opening  Width 

Stress  i 

Concentration  at 

Position 

to  Pillar  Width 

A 

B 

C 

1.01 

3.94 

4.00 

-0.81 

2.05 

3.94 

4.20 

-0.73 

2.76 

4.19 

4.43 

-0.69 

4.27 

4.22 

4.81 

-0.70 

Applied  stress  field  is  perpendicular  to  the  line  of  centers 
of  the  holes. 

TABLE  6. 9 8 

Stress  Concentration  for  a  Plate 
Containing  Five  Ovaloids 

(h/w  =  0.5;  Solution  by  Photoelasticity) 

Ratio  of  Opening  Stress  Concentration  at  Position 

Width  to  Pillar 


Width 

A 

B 

C 

D 

E 

1.03 

3.90 

3.90 

3.90 

4.05 

4.17 

2.09 

4.09 

4.50 

4.61 

4.70 

4.79 

3.40 

4.41 

5.02 

5.40 

5.47 

5.56 

4.28 

4.66 

5.67 

5.93 

6.10 

6.10 

ied  stress 

field  in  p« 

■rpendicular 

to  the 

line  of 

centers  i 

the  holes. 
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stress  (Table  6.9)  and  the  stresses  on  the  boundary  at  the  vertical  axis 
of  the  opening  are  of  slightly  less  magnitude  and  of  opposite  sign  to 
the  applied  stress.  Figure  6.23  illustrates  the  relationship  between  the 
opening- to-pil lar  width  ratio  and  the  stress  concentrations  at  positions 
A,  B,  and  E.  The  values  of  stress  concentrations  at  positions  C  and  D 
lie  between  those  of  the  stress  concentrations  at  B  and  E  and  are  omitted. 
The  maximum  stress  concentration  occurs  at  position  E,  ranging  from  4.17 
for  an  opening-to-pillar  width  ratio  of  1.03,  to  6.10  for  an  opening-to- 
pillar  width  ratio  of  4.28.  This  is  considerably  higher  than  for  the 
case  of  five  circular  holes  in  the  same  situation. 

The  shear  stress  distribution  through  the  central  pillars  along 
the  line  of  centers  of  the  openings  were  determined  and  plotted  as  a 
function  of  the  distance  from  the  edge  of  the  pillar  for  the  different 
opening-to-pillar  width  ratios.  These  curves  (Figure  6.23)  show  that 
stress  distribution  in  the  pillars  becomes  more  nearly  uniform  as  the 
opening- to-piL lar  width  ratio  becomes  larger;  this  was  also  true  of  cir¬ 
cular  openings. 

For  five  ovaloidal  openings  (helght-to-width  ratio  equal  to  2.0), 
the  load  was  applied  as  in  previous  experiments,  and  the  stress  concen¬ 
trations  produced  at  positions  A,  B  and  C  (Figure  6.22)  were  determined 
photoelastical ly ,  At  position  C  the  stress  is  of  slightly  less  magnitude 
than  the  applied  stress,  but  of  opposite  sign.  The  stresses  at  points 
A  and  B  are  of  the  same  sign  as  the  applied  stress.  Maximum  stress  con¬ 
centration  occurs  at  A.  The  relations  between  the  stress  concentrations 
and  the  opening-to-pillar  width  ratio  are  shown  in  Figure  6.22  and  in 
Table  6.10.  The  stress  concentrations  for  five  ovaloidal  openings  with 
lieight-to-width  ratio  of  2.0  are  less  than  the  corresponding  stress  con¬ 
centrations  for  five  circular  openings  when  both  are  In  a  unidirectional 
stress  field. 


TABLE  6.108 


Stress  Concentration  for  a  Plate 
Containing  Five  Ovaloidal  Ope n ings 

(h/w  2.0;  Solution  by  Photoelast  ici  i  y) 

Ratio  of  Opening  Width  Stress  Concentration  at  Position 
to  Pillar  Width  ABC 


1 . 04 

2.81 

2.21 

-0.72 

2.10 

3.41 

2.93 

-0.84 

2.79 

3.83 

3.41 

-0.9  6 

4.20 

4.67 

4.31 

-1.02 

Applied  stress  field  is  perpendicular  to  the  line  of  centers 
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Distance  from  edge  of  pillar  In  units  of  pillar  width 


Figure  6.23  Shear  stress  distribution  in  central  pillars  -  plate 
containing  five  ovaloidal  openings  (heighfc-to-widlh  ratio  *  0.5) 
in  an  applied  stress  field  perpendicular  to  line  of  centers. 


Percent  of  recovery 


Figure  6.24  Maximum  stress  concentration  as  a  function  of  percent 
of  recovery  for  pillars  formed  by  five  openings. 
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Figure  6.25  Comparison  o£  the  empirical  equation  and  the  experi¬ 
mental  data. 
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Rectangular  Openings.  Panek  performed  an  extensive  series  of  exper¬ 
iments  with  plates  containing  two  rectangular  openings  with  corner  fillets. 
The  ratio  of  the  major  to  minor  axis  (R/h),  the  ratio  of  the  radius  of 
fillets  to  the  minor  axis  (r/h),  the  angle  of  inclination  of  the  major 
axis  with  the  horizontal  (S),  and  the  ratio  of  the  pillar  width  to  the 
minor  axis  (P/h)  wer^  all  varied  to  determine  their  effects  upon  the  stres? 
concentrations  around  the  openings;  the  photoelastie  method  was  used. 

It  was  found  that  the  pillar  width  had  comparatively  little  effect 
on  the  critical  tensile  stress.  Decreasing  the  pillar  width  from  P/h  -  Q I 
to  P/h  -  1  adds  a  critical  compressive  stress  concentration  of  about  1,5 
to  the  original  stress  concentration,  when  R/h  =  3.  The  greater  the  value 
of  R/h,  the  greater  the  increase  in  stress.  R/h  is  the  most  important 
factor  controlling  the  critical  pillar  stress  when  P/h  is  greater  than  1. 
The  stresses  in  the  roof  and  floor  of  the  openings  appear  tn  be  little 
affected  by  either  R/h  or  P/h.  Hence,  if  the  lateral  pressure  Is  small 
and  the  roof  fails  in  tension,  there  will  be  practically  no  advantage  to 
be  gained  by  decreasing  the  roof  span.  Panek  observed  that  the  smaller 
the  P/h,  the  more  rapid  increase  of  at  with  R/h.  When  P/h  is  less  than  i, 
the  critical  stress  is  influenced  at  least  as  much  by  the  pillar  width  as 
by  the  room  width;  for  pillars  several  times  as  high  as  they  are  wide, 

P/h  is  probably  more  important  than  R/h.  Rectangles  with  large  radius 
fillets  were  more  satisfactory  than  those,  with  small  radius  fillets. 


Summary 

It  has  been  shown  by  investigators  that  the  stress  concentrations 
induced  by  a  number  of  openings  are  greater  than  those  induced  by  a 
single  opening  of  a  similar  geometrical  shape.  In  general,  the  stress 
concentrations  Increase  with  the  addition  of  each  opening  up  to  about 
five;  then  the  stress  concentrations  remain  almost  constant  with  the 
addition  of  more  holes.  It  can  be  said  that  the  stress  conditions  exist¬ 
ing  in  the  central  pillars  approximate  those  existing  in  the  pillars 
formed  by  an  infinite  number  of  holes. 

As  the  opening-to-pil  lar  width  ratio  increases,  the  average  stress 
concentration  in  the  pillars  increases  at  a  faster  rate  than  does  the 
maximum  stress  concentration.  This  indicates  that  the  average  stress 
approaches  the  value  of  the  maximum  stress  concentration  within  the  pillar. 
At  about  75  percent  recovery  (removal  of  materiel),  the  “tress  concentra¬ 
tion  and  average  stress  within  the  pillar  arc  nearly  equal.  In  most 
instances  a  tensile  stress  is  produced  in  the  roof  and  floor  of  the  mine 
openings,  approximately  of  the  magnitude  of  the  applied  stress.  With  the 
application  of  lateral  confining  pressures,  these  tensile  stresses  dim¬ 
inish  very  rapidly. 

In  an  ore  body,  where  pillars  are  oil  of  the  same  height,  the  pillars 
in  the  center  of  the  stope  are  indicated  (theoretically)  as  being  under 
more  stress  than  those  near  the  side  walls  of  the  stope,  The  maximum 
stress  concentration  in  pillars  is  on  or  near  the  rib  of  the  pillar,  indi¬ 
cating  that  failure  should  occur  first  at  the  surface  of  the  pillar, 
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For  a  ratio  of  pillar  width  to  pillar  height  not  less  than  one, 
it  is  more  advantageous  to  decrease  the  long  cross-sectional  dimension 
of  the  openings  rather  than  to  widen  the  pillars  if  critical  pillar 
stress  is  too  high.  If  the  ratio  of  the  pillar  width  to  pillar  height 
is  less  than  one,  pillar  width  should  be  increased  and  possibly  room 
width  decreased  if  critical  pillar  stress  is  too  high. 

g 

Duvall  gives  a  simple  derivation  of  the  stresses  existing  in 
the  pillars  formed  by  the  introduction  of  an  infinite  number  of  holes 
in  a  plate  of  infinite  extent.  Holes  were  ali  of  equal  size  (any  geo¬ 
metrical  shape),  equally  spaced.  If  the  plate  is  stressed  perpendi¬ 
cularly  to  the  line  of  centers  of  the  holes,  so  that  the  average  stress 
in  the  plate  at  a  great  distance  from  the  row  of  holes  is  S  ,  then  the 
load  on  any  one  pillar  is  given  by  ^ 

LP*  Sgt(Wo  +V  (6ll) 


where 

Lp  =  load  supported  by  one  pillar 

Sg  =  average  stress  in  plate  at  a  distance  from  row  of  holes 
W  =>  width  of  opening 


W  =  width  of  pillar 

p 

t  a  thickness  of  plate 


If  a  uniform  stress  distribution  in  each  pillar  is  assumed  so 
that  the  average  stress  within  the  pillar  is  given  by  S  ,  then  the 
load  on  any  pillar  Is  given  also  by 

L.  =  S  tW  (6.2) 
P  n  p 


From  equations  1  and  2  the  following  relation  can  be  derived 


S  a  1  +  W  (6.3) 

n  o 


S  /S  is  the  stress  concentration  for  the  average  stress  in  the 
pillars.  SThis  is  approximately  equal  to  the  maximum  stress  concentra¬ 
tion  where  the  ratio  of  the  opening-to-pillar  width  is  large. 

Insufficient  data  were  obtained  to  compare  the  different  shapes 
of  openings  for  the  hydrostatic  loading.  T.n  the  case  where  the  earth 
stress  field  is  one  of  no  lateral  restraint,  a  comparison  of  the  max¬ 
imum  stress  concentration  produced  in  pillars  formed  by  five  ovaloids 
having  a  height-to-width  ratio  of  0.3,  five  ovaloids  having  a  height- 
to-width  ratio  of  2.0,  and  five  circles  is  of  value.  The  maximum  stress 
concentration  for  each  of  these  three  shapes  has  been  plotted  as  a 
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function  of  the  percent  mined  area  or  percent  recovery  (excavation)  in 
Figure  6.24.  Also  shown  is  a  plot  of  Equation  6.3  which  gives  the  aver¬ 
age  stress  concentration  for  an  infinite  number  of  pillar? .  Figure  6.24 
shows  that  for  less  than  50  percent  recovery  the  maximum  stress  concen¬ 
tration  is  not  greatly  affected  by  the  percent  recovery,  but  for  recover¬ 
ies  greater  than  50  percent  the  maximum  stress  concentration  increases 
more  rapidly  with  an  increase  in  the  percent  excavation,  The  three  curves 
for  the  circular  and  ovaloidal  openings  are  similar  in  shape;  thus  the 
effect  of  percent  recovery  upon  the  change  of  maximum  stress  concentration 
in  pillars  is  independent  of  the  shape  of  the  openings.  The  order  of 
preference  for  underground  mine  openings  with  regard  to  stress  concentra¬ 
tion  is  (1)  ove.loids  with  height-to-width  ratio  of  2,0,  (2)  circles,  and 
(3)  ovaloids  with  height-to-width  ratio  of  0,5. 


From  the  experimental  data  contained  in  Figure  6.24,  the  following 
equation  may  be  represented  by: ® 


K  =  S  t  0.09 


( _ 100  J  2 

100  -  R 


(6.4) 


where 

K  -  maximum  stress  concentration  in  pillars 
S  -  maximum  stress  concentration  around  a  simgle  opening 
R  =  percent  recovery 

Equation  6.4  can  be  made  to  fit  data  for  openings  of  many  shapes 
by  proper  choice  of  value  of  the  maximum  stress  concentration.  For 
example,  in  an  unidirectional  stress  field  (no  lateral  restraint)  S  * 

3.0  for  a  circle,  S  =  3.9  for  ovaloid  having  a  height-to-width  ratio 
of  0.5,  and  S  =  2.64  for  ovaloid  having  a  height-to-width  ratio  of  2.0. 
Comparison  of  the  experimental  data  and  results  obtained  from  the  empir¬ 
ical  equation  are  given  In  Figure  6.25.  Curves  are  drawn  from  the  equa¬ 
tion;  points  are  from  the  experimental  data, 

Equation  6.3  gives  good  results  for  percent  recoveries  greater  than 
75  percent,  but  Equation  6.4  gives  a  better  approximation  over  a  wider 
range . 


Stresses  in  Simple  Stratified  Roofs 


One  of  the  principal  difficulties  in  determining  the  stress  distri¬ 
bution  around  actual  mine  openings  lies  in  the  evaluation  of  the  effect 
of  complex  geologic  conditions  upon  the  stresses.  In  the  previous  sec¬ 
tion  some  solutions  for  the  stress  conditions  existing  around  mine  work 
ings  in  solid  homogeneous  materials  stressed  within  their  elastic  limit 
were  given.  It  is  apparent,  however,  that  fissures,  faults,  bedding 
planes,  intrusions,  inetamorphi3m  of  the  rock,  or  any  features  which  des¬ 
troy  the  continuous  homogeneous  nature  of  the  rock,  alter  the  stresses 
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existing  around  the  openings.  Solutions  taken  from  the  previous  chapter 
and  applied  under  these  conditions  would  thus  be  in  error  because  of 
the  discontinuities  introduced  by  these  geologic  conditions. 

In  general,  the  effects  of  even  simple  geologic  factors  are  not 
easily  analyzed.  The  strengthening  or  weakening  effects  which  they  have 
upon  rock  and  the  included  openings  have  not  been  evaluated  quantitatively 
except  for  a  few  field  correlations  which  have  been  of  local  nature. 

There  is  acute  need  for  widespread  field  correlations  of  the  different 
geologic  factors  to  determine  the  effect  of  each  factor  upon  the  strength 
of  rock  and  the  stresses  around  underground  openings.  This  would  simplify 
efforts  to  express  the  effect  of  a  specific  geologic  condition  upon  the 
local  stress  quantitatively  and  upon  design  criteria. 

Some  very  simple  geologic  conditions  have  been  approximated  by  math¬ 
ematical  analysis  and  in  the  laboratory  and  their  effect  upon  the  stress 
distribution  around  mine  openings  has  been  evaluated.  One  example  is  the 
case  of  mine  openings  existing  in  stratified  materials  which  are  uninter- 
upted  by  faults  or  fissures,  and  the  beds  of  which  are  homogeneous  in 
character.  Solutions  of  this  problem  have  been  obtained  hy  the  uae  of 
rock  models  taken  from  the  site  of  the  actual  mine  opening,  and  more 
recently,  solutions  for  some  simple  specific  cases  were  obtained  using 
the  theory  of  elasticity. 


Centrifugal  Testing  to  Simulate  Stresses 
Occurring  in  Rock  Beams  Underground 


An  examination  of  Figure  6.2,  which  was  used  to  illustrate  the  dome 
theory,  indicates  that  the  immediate  roof  of  the  opening,  which  is  rec¬ 
tangular,  may  be  considered  as  a  beam  or  group  of  beams  in  layers  loaded 
by  the  material  above  it  and  by  its  own  weight.  The  material  overlying 
the  roof  beams  may  apply  a  variable  weight  to  the  beam  according  to  its 
rigidity  and  other  properties.  In  ideal  sLratified  materials,  the  imme¬ 
diate  roof  of  a  rectangular  mine  opening  may  be  considered  as  a  beam  loaded 
by  the  overlying  material  and  restrained  between  the  pillars  and  the  over- 
lying  material  (the  degree  of  restraint  is  also  dependent  upon  the  amount 
and  character  of  overlying  material) . 

One  method  of  determining  the  stresses  in  these  rock  beams  has  been 
to  make  small-scale  models  from  the  rock  and  apply  a  load  similar  to  that 
applied  to  the  prototype.  To  be  of  benefit,  it  must  be  possible,  by  the 
laws  to  similitude,  to  calculate  from  the  model  what  the  results  will  be 
in  the  prototype.  Thus,  If  the  scale  is  one  to  ten,  and  the  roof  of  the 
model  to  the  weight  of  the  prototype  Is  equal  to  the  same  amount,  all 
other  properties  of  the  two  bodies  being  equivalent,  the  model  will  behave 
like  the  prototype  if  the  density  of  effective  weight  of  the  model  is 
increased  in  the  same  proportion  that  its  linear  dimensions  are  decreased. 
Buckyl®  published  a  paper  In  1931  in  which  he  described  a  centrifuge  of 
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his  own  design  which  could  be  used  to  increase  the  effective  weight  of  the 
rock  model  in  the  same  proportion  that  its  linear  dimensions  were  decreased, 
A  scale  model  built  of  the  same  material  as  the  prototype  was  rotated  in 
the  centrifuge  at  such  a  speed  that  it  exerted  a  force  against  the  end 
plate  of  the  centrifuge  equal  to  its  weight  multiplied  by  the  number  of 
times  it  had  been  reduced  in  scale,  giving  results  in  the  model  similar 
to  those  in  the  prototype.  The  stresses  in  the  model  approximate  those 
in  the  prototype  due  to  a  gravitational  field  if  the  model  is  subjected 
to  an  acceleration  in  the  centrifuge  equal  (in  units  of  gravity)  inversely 
to  the  scale  multiplier  of  the  model  (stress  =  force  per  unit  area  =  den¬ 
sity  x  acceleration  x  linear  dimension).  Density  is  the  same  constant  for 
both  the  prototype  and  the  model.  The  linear  measurement  has  been  reduced 
by  the  ratio  stated  previously,  so  that  the  acceleration  must  be  increased 
by  the  same  ratio  to  keep  the  stress  In  model  and  prototype  the  same.  The 
number  of  times  the  effective  weight  of  the  model  is  increased  is  called 
the  Model  Ratio.  The  model  dimension  times  the  ^odel  Ratio  determines 
the  dimension  of  the  prototype  that  will  behave  in  the  same  manner  as  the 
model  being  tested. 

In  order  for  this  to  be  a  successful  method  of  testing,  certain 
desirable  characteristics  are  required  of  the  rock  models.  These  are 

(1)  the  model  should  be  an  exact  scalar  representation  of  the  prototype; 

(2)  the  rock  should  be  the  same  material  as  the  prototype;  (3)  the  model 
should  be  loaded  in  the  same  manner  as  the  prototype;  and  (4)  facilities 
must  be  available  to  observe  and  record  the  effects  of  the  loading  upon 
the  model.  The  rock  model  tested  in  the  centrifuge  is  loaded  as  nearly 
like  the  prototype  as  possible,  since  loads  on  rock  beams  due  to  their 
own  weight  and  the  weight  of  overlying  materials  are  duplicated  to  a 
close  approximation  in  the  centrifuge.  The  specimen  in  the  centrifuge 
is  observed  by  use  of  stroboscopic  light. 

The  use  of  the  centrifuge  employed  by  Bucky  had  certain  distinct 
advantages  over  other  methods  of  testing:  (1)  it  was  a  source  of  infor¬ 
mation  for  mine  openings  stressed  to  failure;  (2)  it  enabled  the  user 
to  obtain  solutions  in  a  short  period  of  time:  (3)  it  may  be  applied  in 
principle  to  many  underground  problems;  and  (4)  it  closely  duplicated, 
in  the  model,  the  loading  of  the  prototype.  It  also  appears  to  have 
several  disadvantages:  (1)  the  grain  structure  of  the  rock  may  have 
little  effect  on  the  stress  in  the  prototype,  but  the  grains  are  not 
reduced  in  the  model  so  that  they  become  larger  in  relative  size  and 
might  possibly  have  some  effect  upon  the  stress  in  the  model;  (2)  rock 
being  heterogeneous  in  character,  it  would  appear  difficult  to  obtain  a 
specimen  of  rock  for  a  model  which  would  exhibit  the  overall  properties 
of  the  prototype;  (3)  obtaining  the  correct  amount  of  restraint  at  the 
ends  of  the  beams  is  a  problem,  and  (4)  with  the  method  outlined,  it 
is  possible  to  determine  only  certain  maximum  stresses  which  occur  at 
the  time  of  failure.  The  overall  stress  pattern  obtainable  by  other 
methods  is  not  easily  obtained  by  centrifugal  testing,  particularly 
in  the  elastic  range.  This  is  important  because  a  knowledge  of  the 
stress  concentrations  below  the  elastic  limit  permits  the  designing  of 
structures  in  which  stresses  are  below  the  elastic  limit.  Some  attempts 
have  been  made  to  rectify  this  difficulty  Dy  using  pnotoelastic  models 
in  the  centrifuge,  but  the  stresses  were  difficult  to  evaluate,  due  to 
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the  photographic  problems  involved.  A  possible  source  c.f  error  in  the  first 
centrifuge  used  by  Bucky  was  the  fact  that  the  lever  arm  of  the  centrifuge 
was  only  8  to  8-3/4  in.  long.  For  specimens  more  than  a  few  inches  in 
depth  this  means  that  the  variation  in  effective  weight  of  a  specimen  is 
considerable  over  its  depth.  In  the  case  of  a  single  beam  this  condition 
would  not  lead  to  difficulty  since  the  error  is  small,  but  in  the  case 
of  multiple  beams  it  appears  that  larger  error  might  be  introduced.  The 
centrifuge  later  used  by  Bucky  had  a  2-foot  lever  arm  so  that  the  variation 
of  centrifugal  force  over  the  depth  of  a  beam  and  its  related  load  is  not 
very  large  in  comparison  to  the  magnitude  of  the  centrifugal  forces. 

It  was  found  in  a  series  of  experiments  by  Bucky  that  below  a  cer¬ 
tain  thickness  the  beams  failed  by  tensile  fracture  of  the  lower  center 
section,  but  for  greater  thickness  of  beams  made  of  certain  types  of  rock 
an  arch-like  piece  of  rock  separated  from  t. lie  center  of  the  beam,  leaving 
the  remainder  of  the  beam  standing.  Bucky  explained  this  latter  phenomena 
as  a  natural  arching  of  the  rock  similar  to  that  which  occurs  underground 
in  the  roof  of  the  openings  where  the  stresses  are  very  high. 

In  general,  the  procedure  was  to  cut  single-beam  models  from  the 
rock  to  be  tested  and  run  them  to  failure  in  the  centrifuge.  This  deter¬ 
mines  their  relative  strengths.  The  beam  simulating  the  prototypes  are 
then  tested  in  the  centrifuge  and  also  stressed  to  failure.  It  is  com¬ 
paratively  simple  to  determine  the  load  on  the  model  beam  simulating  the 
prototype;  and  utilizing  the  previously  determined  strengths,  it  is  pos¬ 
sible  to  determine  the  maximum  length  of  beam  which  can  be  used  for  a 
particular  load. 


A  new  manner  of  using  the  centrifuge  has  been  introduced  by  the 
Applied  Physics  Laboratory  of  the  U.S,  Bureau  of  Mines  at  College  Park, 
Maryland^,  Strain  gages  are  attached  to  the  rock  beams  being  tested 
to  determine  the  actual  strain  up  to  the  point  of  failure.  This  pro¬ 
vides  a  means  of  determining  the  stress  distribution  in  a  rock  model  in 
the  centrifuge. 


Rock  Beams  with  Three  Types  of  Loads 


The  problem  of  stresses  in  stratified  roof  rock  also  lends  itself 
to  solution  by  the  theory  of  elasticity.  In  the  instance  where  the  roof 
rock  is  assumed  to  consist  of  only  a  single  stratum,  the  mathematics  are 
not  too  involved.  For  a  larger  number  of  beams,  the  solutions  become 
more  complex.  In  the  solutions  given  here,  interest  was  centered  around 
three  questions:  (1)  Is  it  possible  to  approximate  the  stress  existing 
in  a  rock  roof  by  assuming  that  the  load  is  equivalent  to  a  uniform  load 
on  the  Lop  of  the  beam?  (2)  Does  centrifugal  testing  give  an  accurate 
measurement  of  the  stress  within  the  roof  members?  (3)  Is  there  enough 
difference  between  the  stresses  obtained  by  centrifugal  testing  and  by 
applying  a  uniform  load  to  warrant  the  use  of  a  centrifuge?  In  addition, 
it  was  desired  to  obtain  the  fundamental  concepts  necessary  to  determine 
the  effect  of  stratified  layers  over  a  mine  working  on  the  stresses  in 
the  mine  roof. 


6.43 


Mathematical  Analysis  of  Stresses  in  Simple  Roof  Strata 

Where  the  dimensions  of  flat-lying  openings  underground  are  of 
proper  magnitude,  the  roof  may  be  considered  to  be  composed  of  a  plate. 

A  very  cLose  approximation  to  this  can  be  obtained  by  assuming  that  a 
section  of  the  roof  may  be  considered  as  a  beam.  Bucky  made  this  assump¬ 
tion  in  much  of  his  laboratory  testing  in  the  centrifuge,  hut  stressed 
the  beams  to  failure  rather  than  analyzing  the  stress  distribution  on  a 
fundamental  basis  to  compare  it  with  the  prototype. 

The  following  analyses  were  made  to  show  the  stress  distribution 
which  occurs  in  simple  and  restrained  beams  under  the  three  different 
conditions  which  might  be  encountered  underground  or  in  laboratory 
testing,  i.e.,  (1)  uniformly  loaded,  (2)  loaded  by  own  weight,  and  (3) 
centrif uga 1 ly  loaded. 


Simple  Beams 

Only  in  rare  instances  can  the  roof  of  an  opening  be  represented 
by  a  simple  supported  beam.  However,  the  stress  analysis  of  this  case 
serves  as  a  basis  for  the  solution  of  other  problems  directly  concerned 
with  roof  support.  The  fundamental  assumptions  made  previously  for 
solutions  by  the  theory  of  elasticity  must  be  made  also  for  the  follow¬ 
ing. 


Uniform  Load.  The  solution  of  the  stress  distribution  in  a  beamr 
subjected  to  a  uniformly  distributed  load  is  treated  by  Timoshenko^ >  ^  i  , 
whose  notation  is  employed  herein.  It  is  assumed,  together  with  the 
assumptions  of  elastic  behavior  indicated  earlier,  that  a  small  rectang¬ 
ular  beam  can  be  taken  as  being  representative  of  a  section  of  a  mine 
roof,  that  is,  a  soLution  in  plane  stress  may  be  used  to  closely  approx¬ 
imate  the  condition  of  plane  strain. 

Figure  6.26  illustrates  the  method  of  loading  the  beam  and  the 
coordinate  system  used.  The  stresses  in  a  beam  under  uniform  load  are 
given  in  Table  6.11. 

It  can  be  clearly  seen  that  the  maximum  tensile  stress  )  occurs 
at  the  midpoint  of  the  beam  iri  the  lowermost  fibers.  It  is  important 
to  note  that  both  the  magnitude  and  distribution  of  the  stress  is  inde¬ 
pendent:  of  the  elastic  constants  of  the  material., 

Loaded  by  Own  Weight.  Solutions  of  the  stress  distribution  in  a 
beam  loaded  by  its  own  weight  (weight  per  unit  volume  pg)  involve  the 
simultaneous  solution  oi  the  differential  equations  of  equilibrium,  and 
the  compatibility  equation  for  plane  stress,  which  must  also  satisfy  the 
boundary  conditions.  The  equilibrium  equations  are  satisfied  if  the 
stresses  conform  to  the  equation  relating  the  Airy  stress  function  to 
the  stresses  and  the  Airy  differential  stress  function. 

It  is  interesting  ! ....  note  that  the  a  force  is  very  smalL,  being 
zero  at  the  bottom  and  top  and  also  at  the  center  of  the  beam.  In  the 
upper  half  of  the  beam  a_.  is  compressive,  and  in  the  bottom  of  t.he  beam 
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i 


"q"  load  per  unit  length 


(a)  Uniform  load 


y 

(b)  Loaded  by  own  weight 


u 


y 

(c)  Centritugolly  loaded 


Figure  6.26  Simple  beams  showing  method  of 
support,  loads  and  coordinate  systems. 


6.45 


o 

04 


v0 

t*3 

i 


to 

'O 

eO 

0 

*4 

<U. 

fl 

0) 

<D 

u 

£ 


<U 

TJ 

<0 

3, 

i 

a 

<U 

H, 

I 


O 

44 

W 

d 

o 

•rl| 

iJ 

<0 

Si 

W 


°u 


1 

I 

II 


co 

u 


>> 

X 


crl  cm 

i 

*«*N 

‘1* 

I 

cm 

o 

CO 

.  « 
H  y 

cH  <j- 


\ 

» 


wl  (\J 


QJ 

CO 


o 

CM 


£ 


*V 


9 


C\l 

u 

CV1 


<V 


§L 

u 

CM 


4 


X 


4 

/*> 

°u 


0) 

OJ 

X 

D 

i 

+ 

% 

1 

p 

4 

rv 

1 

+J 

o 

CM 

OJ  I 

w 

CM 

rH 

u|  (O 

44 

X 

i 

i 

c\j 

N^- 

>> 

^ _ y 

0 

CM 

rH 

0 

» — 1 

s-/ 

X, 

OJ 

G 

v-/ 

>4 

CM, 

o 

QJCM 

0 

pj 

DC 

OJ 

g 

CM 

•'I 

•H 

cn 

u 

U, 

a 

a 

4J 

co| 

CO 

CM 

CO 

4 

<0 

ii 

r4 

II 

II 

•H 

a 

V 

e 

id 

V)' 

b 

rH 

E 

tj 

xj 

C  -u 

•r4 

p 

<0 

x» 

0 

OJ 

(U 

§  ,c 

}-» 

t — 1  *r4 

u 

OJ 

44 

o 

'O 

O  00 

U 

CO  T5 

D 

o 

«H 

hJ 

CM 

•r4 

r. 

00  OJ 

H 

H-l 

P 

O 

X  OJ 

<u 

3  O 

» 

»~1 

M  Li 

u 

4h  h-J 

o 


6.46 


a  is  tensile.  Figure  6.26  shows  the  manner  of  loading  and  the  coordinate 
axes. 


Centrifugal  Loading.  The  case  of  a  beam  loaded  centrifugally  must 
be  treated  in  a  somewhat  different  manner  to  the  case  of  a  beam  loaded 
by  its  own  weight  due  to  the  fact  that  the  load  (body  force  Y)  is  a  func¬ 
tion  of  y. 

Writing  the  stresses  in  terms  of  the  stress  function  and  the  body 
force  potential,  they  can  be  evaluated  at  the  boundaries,  and  the  equa¬ 
tions  for  stress  throughout  the  body  are  obtained  (Table  6.11). 

It  can  be  seen  that  these  equations  for  stress  are  quite  similar 
to  those  obtained  for  a  uniform  load  and  a  gravitational  load,  with  the 
exception  of  the  final  term  in  crx,  The  stress  <5y  is  found  to  be  very 
small  in  comparison  to  the  maximum  ox,  aa  would  be  expected. 


Restrained  Beams. 


The  analysis  of  simply  supported  beams  provides  a  basis  for  the 
examination  of  stresses  in  more  complicated  beam  structures,  a  beam 
loaded  by  the  same  three  types  of  loads  but  with  restrained  ends.  This 
condition  occurs  over  rectangular  mine  opening  in  stratified  rock  if 
the  stresses  are  not  so  high  that  the  ends  of  beams  at  the  pillar  are 
stressed  beyond  their  elastic  limit.  Beams  under  thick  cover  may  be 
thought  of  as  completely  restrained,  that  is,  the  end  of  the  beam  may 
be  considered  to  lie  at  the  edge  of  the  pillars  whereas  beams  under 
light  cover  may  be  considered  to  be  only  partially  restrained,  that  is, 
the  end  of  the  beam  lies  somewhere  over  the  interior  of  the  pillar. 

Under  some  conditions,  except  for  degree  of  restraint,  both  beams  may 
be  considered  fully  restrained  with  the  lengths  dependent  upon  the 
degree  of  restraint  imposed  by  the  overburden  (Figure  6.27).  The  analy¬ 
sis  may  be  made  by  two  different  methods.  In  both,  the  assumption  is 
made  (supported  by  St.  Venant's  Principle)  that  the  stress  ox  at  the 
ends  of  the  beam  may  be  replaced  by  the  sum  of  two  stresses  --  a  uni¬ 
form  normal  stress  and  a  stress  due  to  a  couple  applied  to  the  ends  of 
the  beam  -  without  altering  stresses  from  those  actually  existing  in  a 
restrained  beam  at  distances  s  short  distance  away  from  the  ends.  This 
is  another  way  of  stating  that  to  insure  complete  restraint  a  uniform 
normal  stress  (r)  must  be  applied  to  the  ends  of  the  beam,  so  that  there 
is  no  horizontal  movement  of  the  ends.  A  moment  (M)  must  also  be  applied 
so  that  there  is  no  rotation  of  the  vertical  fibers  of  the  beam  at  the 
center  point  of  the  ends. 

Following  the  first  method,  it  is  then  necessary  to  add  the  bound¬ 
ary  conditions  to  the  boundary  conditions  for  the  previous  beams  and 
solve  for  the  stress  equations  in  a  manner  similar  to  that  previously 
described.  The  stresses  are  evaluated  at  the  boundaries,  taking  account 
of  the  two  new  boundary  conditions,  and  an  expression  for  cx  involving 
r  and  M  is  determined. 
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In  either  method  of  investigation  use  of  only  the  stress  relation¬ 
ship  involves  indeterminate,  values.  From  a  study  of  elementary  stress 
solutions  it  is  apparent  chat  the  only  means  of  solution  remaining  is 
one  involving  strain  relationships.  Using  appropriate  strain  relation¬ 
ships  as  properties  of  restrained  beams  it  is  possible  to  determine  the 
unknowns  r  and  M. 

For  plane  stress  differential  equations  define  the  strains  in 
terms  of  the  stresses,  and  are  employed  to  obtain  the  solution  of  the 
problem.  Substituting  the  values  of  crx,  Oy,  and  TXy  into  these  equa¬ 
tions,  and  integrating,  expressions  in  u  and  v  containing  the  terms  r 
and  M  are  obtained.  Use  is  made  of  the  strain  relationships  referred 
to  previously  to  determine  arbitrary  constants  of  integration  and  the 
quantities  t  and  M.  The  values  for  r  and  M  when  substituted  into  the 
stress  equations  give  the  results  for  three  different  load  types  shown 
in  Table  6.11. 


Summary 

It  has  been  previously  noted  that  the  stress  induced  in  simple 
beams  is  very  small  in  comparison  to  the  stress  cx  at  the  center  of  the 
beam.  The  stress  Oy  is  aiso  independent  on  the  length  of  the  beam.. 

In  order  to  determine  whether  the  stresses  in  simple  beams  loaded 
by  three  load  types  are  comparable,  the  load  per  unit  length  of  beam 
was  made  equal  in  all  three  cases.  The  loads,  2cpg  and  2cpr0cos,  were 
set  equal  to  the  load  per  unit  length  q  and  the  equations  for  the  three 
cases  were  determined  in  terms  of  q,  as  is  shown  in  Table  6.12.  The 
shearing  stresses  in  all  three  cases  are  equal.  The  ox  stresses  for  a 
uniform  load  and  for  a  beam  loaded  by  its  own  weight  are  found  to  be 
the  same,  but  the  stress  for  the  case  of  centrifugal  loading  differs 
from  the  other  two  cases  by  an  additional  term  For  beams  of  normal  1/c 
ratio,  it  is  seen  that  this  term  is  negligible  in  comparison  to  the  other 
terms,  and  does  not  influence  the  ox  forces  measurably.  Therefore,  ox 
may  be  said  to  be  equal  for  the  three  cases  without  introducing  any  measur¬ 
able  error  This  is  not  (rue  of  Oy,  however;  oy  is  small  in  the  case 
of  the  centrifugal  loading  and  in  that  of  a  beam  loaded  by  its  own  weight, 
in  both  casus  being  only  a  smalL  fraction  of  the  load  per  unit  length  of 
beam  In  the  case  of  a  beam  loaded  by  a  uniform  load,  Oy  ranges  from  a 
value  equal  to  the  load  per  unit  length  of  beam  at  the  top  of  the  beam 
to  a  value  of  zero  stress  at  the  bottom  surface  of  the  beam. 

The  o,;  stresses  are  not  large  enough  in  any  of  the  three  cases  to 
be  directly  responsible  for  failure  of  a  beam  because  as  the  Oy  forces 
are  increased  to  a  critical  vaLue  Lhe  cx  forces  have  already  exceeded  this 
value  because  the  relationship  of  Lhe  stresses  is  directly  proportional. 

In  the  case  of  restrained  beams,  it  can  be  seen  that  Oy  and  iXy 
remain  the  same  as  in  the  case  of  the  simple  beams  (See  Table  6.13). 

The  additional  terms  which  have  been  superimposed  upon  the  original  ax 
equations  for  the  simple  beams  to  obtain  the  ax  stresses  are  different 
for  the  three  different  types  of  loading  To  determine  the  magnitude 
ot  this  ditlerence  it  is  necessary  to  assume  that  the  i oad  per  unit  length 


6*49 


^  CM 

D  O 


ti  -T5  0  TJ 

JJ  flj  M-4  rt 

0  0  -HO 

H  C  J 


*C  C  w 

o>  5  js 

•g  O  M 

o  <u 
►4,0  U 


1 

00 

3 

•r-J 

c 

cr 

u 

r— 1  *rl 

01 

U 

fw  XJ 

C 

©0  <M 

00 

<l) 

o 

a  o 

^  k4 

& 

cs 

4J 

0> 

W3 

1 

* 

o 

Set  2cor  ®2  equal  to  the  load  q  to  obtain  a  comparison  of  the  magnitude  of  stresses. 


6.50 


6.51 


for  each  of  the  three  beams  Is  the  same,  as  was  done  in  the  case  of 
simple  beams,  Substituting  the  values  of  the  centrifugal  load  and 
gravitational  load  equal  to  the  uniform  load  (per  unit  length  of  beam) 
into  the  stress  equations  for  the  respective  beams,  the  stress  equa¬ 
tions  for  the  three  types  of  load  are  obtained  considering  an  equal 
load  on  the  three  beams.  These  equations  are  shown  in  Table  6.14. 

A  beam  loaded  centrifugally  and  a  beam  loaded  by  its  own  weight  differ 
in  ox  only  in  an  additional  term  in  the  equation  for  centrifugal  load¬ 
ing.  This  term  is  so  small  as  to  be  negligible.  Similarly,  the  oy 
stresses  differ  in  the  case  of  uniform  loading  from  the  other  two  cases 
by  a  term,  --  q/2. 

Thus,  it  may  be  stated  that  the  critical  stresses  within  both 
simple  and  restrained  beams  loaded  by  (1)  uniform  loads,  (2)  gravita¬ 
tional  Loads,  or  (3)  centrifugal  loads  are  essentially  the  same,  with 
the  exception  of  certain  terms  of  orders  which  may  be  neglected  with¬ 
out  appreciable  error.  Thus  it  is  possible  to  approximate  the  stresses 
in  a  roof  beam  of  rock  in  a  mine,  either  by  centrifugal  loading  or  by 
uniform  loading,  if  it  may  be  considered  as  a  simple  beam  or  a  restrained 
beam,  and  if  the  load  is  due  to  its  own  weight  or  a  uniform  load,  or  a 
combination  of  the  two. 

The  design  of  underground  structures  has  been  limited  by  a  lack 
of  knowledge  of  (1)  the  stresses  existing  in  rock  underground  before 
the  introduction  of  an  opening,  (2)  the  effect  of  the  introduction  of 
an  opening  upon  t.he  pre-existing  rock  stresses,  (3)  the  effect  cf  com¬ 
plex  geologic  conditions,  and  (4)  the  physical  properties  of  rock  in 
situ. 

Mining  experience  has  shown  that  the  stresses  existing  within 
rock  underground  may  generally  be  thought  of  as  Intermediate  between 
the  stresses  which  would  exist  if  there  were  no  lateral  restraint  and 
those  where  hydrostatic  pressures  are  found.  In  a  few  exceptional 
cases,  it  has  been  shown  that  the  horizontal  pressures  may  be  greater 
than  the  vertical  pressures,  and  compensation  must  be  made  for  this  fact. 

The  effect  of  introduction  of  mine  and  other  type  openings  upon 
the  stresses  in  rock  underground  has  been  solved  for  some  of  the  sim¬ 
plest  geologic  conditions  -  homogeneous,  isotropic,  elastic  material. 

The  opening  best  suited  for  an  opening  (in  regard  to  stress  induced)  is 
either  (1)  a  circle,  for  hydrostatic  pressures;  (2)  an  ellipse  with  ratio 
of  height-to-width  equal  to  3,  for  an  opening  in  material  which  has  been 
Laterally  restrained;  or  (3)  an  ellipse  with  height-to-width  ratio  greater 
than  5,  for  a  mine  opening  in  ground  which  has  no  lateral  restraint. 

In  general,  mines  are  composed  of  numerous  adjacent  openings  under¬ 
ground  rather  than  a  single  opening.  The  stresses  in  the  pillars  are 
found  to  increase  with  the  addition  of  openings,  until  about  five  open¬ 
ings  lie  parallel  to  one  another.  Additional  openings  have  no  effect 
on  the  critical  compressive  stress  in  the  pillars.  The  maximum  stress 
concentration  occurs  in  the  centermosr.  pillar  on  or  near  the  rib  of  the 
pil Lar , 
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Set  2cpr  us2  equal  to  the  load  q  to  obtain  a  comparison,  of  the  magnitude  of  stresses. 
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Design  of  Openings  In  Bedded  Rock 


General 


When  the  length  of  span  of  a  roof  is  large  compared  to  its  thick¬ 
ness,  the  length  of  an  opening  is  more  than  twice  its  width  and  there 
is  no  bend  between  the  roof  bed  and  the  next  above,  a  section  of  the 
roof  may  be  considered  as  a  simple  clamped  (restrained)  beam  loaded  by 
its  own  weight.  An  inspection  of  the  equation  in  Table  6.13  shows  that 


tv  is  a  maximum  at  x  =  +1,  y  =  *c  and  t  is  a  maximum  at 
y  J  w 


+y,  y  =  0. 


t  xy 

The  shear  stress  is  not  uniform  over  the7end  of  the  beam.  Thus,  while 

the  maximum  deflection  is  at  the  center  of  the  beam,  failure  would  be 

expected  at  the  ends. 


The  equations  for  thp  above  parameters  are,  neglecting  terms  made 
small  by  large  1/c  ratios: 

(6.5) 


(6.6) 


(6.7) 

21 

The  conditions  set  forth  by  Obert,  et  al.  ,  are: 

1.  The  strata  thickness  be  uniform. 

2.  Flexure  is  caused  by  gravity,  i.e.,  no  end  thrust, 

3.  Rock  behaves  elastically,  is  isotropic  and  homogeneous. 
h.  Ends  of  strata  are  "clamped"  by  superincumbent  rock  and 

opening  walls. 
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Single  Layer  -  Beams 

For  roofs  inclined  at  less  than  10  degrees  the  above  equations  may 
be  applied  for  design  purposes.  It  can  be  seen  that  the  maximum  shear 
stress  varies  directly  as  the  length  of  the  span,  while  the  maximum 
tensile  stress  varies  as  the  square  of  the  span.  The  ratio  of  the  two 
is 


O 


0 

y  max 
T  max 


21 

3c 


(6.8) 


Equation  6./  may  be  written  for  design  purposes  in  the  following 
form: 


L  = 


(6.9) 
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where  L  is  the  span  length  (equal  to  21),  t  is  the  thickness  (equal  to 
2C),  T  is  the  modulus  of  rupture  and  P  is  a  safety  factor.  A  plot  of 
this  equation  is  given  in  Figure  6.28  for  a  density  of  0.09  lb/in3. 


Multiple  Layer  -  Beams 

22  21 

The  development  of  design  criteria  by  Merrill  and  Obert,  et  al.  , 
for  multiple  layer  roofs  appears  to  be  in  error.  In  arriving  at  design 
equations,  the  maximum  deflection  of  a  thin  beam  lying  upon  and  loading 
a  thicker  beam  is  equated  to  the  maximum  deflection  of  the  thicker  beams 
to  obtain  an  equivalent  weight  density  of  the  system.  Except  for  beams 
of  equal  free  deflection  the  deElections  cannot  be  equated  in  terms  of 
free  beam  deflection.  That  is,  if  a  thin  beam  lies  upon  a  thicker  one, 
it  will  deflect  less  than  predicted  by  the  free  beam  equation,  and  the 
deflection  of  the  lower  beam  will  be  greater.  The  equation  for  a  clamped 
beam  is,  to  a  close  approximation  - 

Ay  =  2~EL^bt5  '  ^  (2Lx  "  ^  ~  (6.10) 

It  can  be  readily  seen  that  the  total  deflection  of  the  system 
will  depend  upon  the  interaction  of  the  two  beams,  which  is  not  defined 
by  the  equation  above  for  the  maximum  deflection  (Equation  6.10), 


Rectangular  Roof  -  Plate 

For  comparison  a  roof  may  be  considered  as  a  plate.  The  values 
of  maximum  deflection  and  stress  from  the  theory  of  plates  are  as 
follows: 


Ay  =  4fiS§l 

max  Et 

(6.11) 

a  =  6B£aa2 

(6.12) 

max  t 

where 


a  a  short  dimension 
b  =  long  dimension 
A,  B  =  constants 

Values  of  A  and  B  for  various  values  of  b/a  and  Poisson's  ratio 
equal  to  0.3  are  given  in  Table  6.15. 

The  maximum  deflect  Lon  for  a  rectangular  plate  occurs  at  the  center 
and  the  maximum  tensile  stress  at  the  end  of  the  longer  dimension  in  the 
upper  fiber.  For  ratios  of  b/a  greater  than  two  the  maximum  stress  is 
within  L  percent  of  that  calculated  from  the  beam  formula  and  the  max¬ 
imum  deflection  is  within  12  percent. 


ROOF  THICKNESS,  FEET 


6. 


4  !>  ()  7  I)  9  10  20  JO  40  50  60  70.  80  IOO  200 

ROOF  SHAN ,  FEET 


Figure  6.28  Roof  span  vs.  roof  thickness  and 
working  stress. 
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TABLE  6.151 


Constants  for  Use  in 

Equations  11. 

12.  and  13 

b  /a 

A 

B 

b/a 

A 

B 

1.0 

0.0138 

0.0513 

1.6 

0.0261 

0.0780 

1.1 

.0164 

.0581 

1.7 

.0260 

.0799 

1.2 

.0188 

.0639 

1.8 . 

.0267 

.0812 

1.3 

.0209 

.0687 

1.9 

.0272 

.0822 

1.4 

.  0226 

.o;  > 6 

2.0 

.0277 

.0829 

1.5 

.0240 

.0757 

The 

design  equation 

is  set  up 

in  the  same 

manner  as  for 

a  beam: 

a  = 

J  ^ 

V  6BpgF 

(6.13) 

Inclined  Roof 


Where  either  the  long  dimension  or  the  short  one  is  Inclined  at  an 
angle  Q  the  stress  is  given  by: 


a  max 


_ 

~  2t 


cos  0 


(6.14) 


and  the  design  equation  is 


L  = 


2  Tt 


Pg  G  cos  6 


(6.15) 


Field  Tests  of  Design 

The  equating  given  in  the  previous^^iscussion  were  tested  in  the 
oil  shale  mine  and  in  a  limestone  mine  .  In  oil  shale  the  predicted 

sag  was  0.036  in  for  an  80  foot  span,  while  the  measured  was  0.63  inches. 
The  field  behavior  indicated  either  horizontal  separations  in  the  assumed 
8  foot  roof  bed  or  the  oil  shale  does  not  behave  elastically, 

23  24 

Similar  results  were  obtained  in  limestone  ’  where  the  roof  sag 
was  found  to  be  much  greater  than  that  predicted  by  the  theory  of  elas¬ 
ticity  (Figure  '-.29). 
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Figure  6.29  Relationship  between  sag  and  span  from  theory  and  measurements  in  place. 
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Failure  Probability  and  Fracture  Patterns 


Experience  and  observation  indicate  that  a  large  percentage  of 
rock  structures  in  which  underground  excavations  have  been  made  have 
been  subjected  to  various  degrees  of  fracturing  of  some  type.  Isaacson^-* 
states  that  "the  ultimate  answer  to  pressure  control  problems  can  only 
lie  in  the  reasoned  estimation  of  probabilities:  the  idea  of  certainty 
can  never  be  achieved".  That  is,  if  the  probability  of  failure  for  a 
given  opening  can  be  estimated,  and  it  can  be  designed  to  restrict  the 
probability  of  failure  to  a  low  lever,  this  should  offer  one  of  the  most 
feasible  approaches  to  the  problem. 

It  is  obvious  that  in  fractured  rock  the  larger  the  opening,  the 
more  fractures  will  be  embraced  in  its  periphery.  The  number  of  frac¬ 
tures,  if  randomly  distributed,  would  increase  as  the  first  power  of  the 
radius  of  the  opening.  A  linear  relation  between  the  number  of  fractures, 
depending  upon  their  extent  and  pattern,  could  be  taken  as  a  first  approx¬ 
imation  of  the  minimum  probability  of  failure. 

Isaacson  utilizes  arguments  from  the  theory  of  probability  and 
assumptions  outlined  below  to  arrive  at  the  following  conclusions  con¬ 
cerning  circular  shafts  or  tunnels  of  radius  a  in  a  hydrostatic  stress 
field. 

1  The  most  probable  number  of  rockburst  that  will  occur  during 
the  development  of  such  an  opening  varies  as  the  square  of  the 
radius . 

2.  The  probability  that  no  rockbursts  will  occur  during  excavation 
is  equal  to  where  k  is  a  constant  which  depends  upon  the 

magnitude  of  the  stress  field  and  the  character  of  the  rock. 

As  a  first  approach  consider  a  number  of  cubes  placed  in  a  testing 
maching  and  stressed  to  failure.  If  the  probability  of  failure  in  shear 
in  the  range  of  t,  and  t  +  dT  is  p(t) .  dT,  then  the  probability  that 
no  failure  will  take  place  in  a  given  specimen  at  or  below  a  shear 
stress  of  t  Is 


a* 

I  pCt)  .  dT  (6.16) 

T 


The  probability  that  there  will  be  no  failure  in  a  rock  mass  of  volume 
V  subject  to  the  same  shearing  stress  is 


r  r»  v 

j  J  p(t)  .  dT  j 


(6.17) 


on  the  basis  that  probabilities  of  independent  events  are  compounded  by 
multiplication. 
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The  maximum  shear  stress  at  a  point  y  from  a  shaft  or  funnel  of 
radius  a  in  a  hydrostatic  stress  field  P  is  P^~^  .  The  probability  of 
no  failure  in  an  elementary  ring  Ar  of  unit  length  is 


J>®"M 


2  nr  •  Ar 


(6.18) 


The  probability  pf  no  failure  anywhere  in  a  section  of  tunnel  of  unit 
length  is,  then 


Q  =  lim  II 
Ar-»0  r  *  a 


p(t)  •  dr 


2rr  c  Ar 


(6.19) 


/■*  co  /  n  co 

1°8  Q  =  y  a  2,tr  y-°sj  P 


P(t)  *  dt  ]  •  dr 


(6.20) 


Assuming  that  the  probability  function  p(t)  may  be  expanded  in  a  power 
series  the  above  equation  may  be  evaluated  to  give 


Q  =  e 


(6.21) 


whore  the  constant  A  is  some  function  of  P  and  of  the  coefficients  of 
the  series  for  p(t).  T)ie  probability  of  no  failure  is  e'ka2  and  the 
probability  of  at  least  one  failure  is  1  -  e“ka?.  for  small  radii  of 
openings  the  probability  of  failure  increases  very  slowly  with  the 
increase  of  the  size  of  the  opening,  increases  very  rapidly  over  a  range 
of  intermediate  values  and  becomes  asymptotic  to  a  probability  value  of 
one  at  a  value  of  which  is  dependent  on  k. 

Isaacson  points  out  that  a  large  portion  of  the  failures  indicated 
by  the  above  development  will  be  small  and  localized.  The  probability 
of  larger  bursts  may  be  considered  as  follows.  In  a  unit  cube  of  rock 
the  probability  of  failure  at  or  below  a  shear  stress  t  is 


-  T 

Ja  p(t)  ’  dir 


(6.22) 


The  most  probable  number  of  failures  Ln  a  volume  V  will  be  given  by 


V  jo  p(c)  ’  dt 


(6.23) 


The  most  probable  number  of  failures  in  a  tunnel  of  radius  a  in  a  hydro¬ 
static  field  of  magnitude  P  will  be 


«  o".  a  r 

M-JJ» 


2 nr  ‘  p(x)  *  d-  ’  dx 


(6.24) 
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If  p(t),  the  probability  function  of  the  shear  stress,  is  expanded  as 
a  power  series  and  the  necessary  integrations  are  performed  the  following 
equation  is  obtained: 


M  =  2jtBae  (6.25) 

where  B  is  a  constant  depending  upon  P  and  the  coefficients  in  the  expan¬ 
sion  of  p(t).  It  follows,  therefore,  that  the  expected  number  of  bursts 
increases  as  the  square  of  the  radius  of  the  tunnel  as  the  excavation  is 
made . 


The  conclusion  appears  to  be  a  logical  one  inasmuch  as  the  weak¬ 
nesses  "exposed"  by  excavation  are  some  function  of  volume  rather  than 
of  surface  area.  On  the  basis  of  the  above,  which  appear  to  be  reliable 
conclusions  in  conformity  with  observed  rock  behavior  in  deep  mines,  it 
would  also  appeal  advisable  to  assign  protective  construct  n  openings 
as  small  as  may  be  compatible  with  operational  requirements. 


Multiple  Rock  Cantilever  Beams 

A  parallel  of  the  case  of  multiple  cantilevers  of  the  general 
created  by  excavation  of  openings  in  stratified  rock  have  been  analyzed 
by  means  of  the  theory  of  elasticity  for  point  loading  in  leaf  spring 
design.  Under  ideal  assumption  of  similar  material  and  identical,  cross 
sections  the  pertinent  formulae  are  quite  simple.  The  theory  is  equally 
applicable  to  rock  beams  of  similar  dimensions  and  properties,  as  well 
as  to  some  less  ideal  structures.  Tnus,  for  encastrd  rock  beams  which 
result  from  excavations  in  jointed  strata  the  following  dev  lopment  sheds 
some  light  upon  the  mechanics  of  stability  and  failure  of  such  structures. 

26 

Landau  and  Parr*'  state  in  the  case  of  a  steel  leaf  spring,  the 
laminae  having  equal  or  different  thicknesses,  under  load  each  leaf 
touches  the  one  above  only  at  Ine  point  of  encastriment  am  at  its  end. 
Further,  any  leaf  of  the  spring  may  be  considered  as  a  cantilever  beam 
having  a  flexible  support  somewhere  between  the  fixed  end  and  the  point 
of  application  of  the  load.  This  assumption  is  the  basis  of  the  theore¬ 
tical  development. 

Thus,  if  a  weight  or  force  acts  at  the  end  of  the  top  of  three 
stacked  cantilever  beams,  it  can  be  shown  by  integrating  the  moment 
equation 


El  ^  =  M  (6.26) 

for  each  of  the  beams  and  utilizing  appropriate  boundary  conditions  that 
the  relationship  between  the  forces  W^,  Wj  and  is  expressed  by  the 
following  in  generalized  form 


Wn+ll3<l„>a  InH-On*®1  ‘ 


n+ 1 


2w  (i  >3  -  ,b(i  ,)3  i  ,n  ,)3 

nv  rr _  n-I  v  n- 1  n- 1  n- 1 

I 

n 


06 


(6.27) 
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Once  the 
a  simple 
Equation 
beam . 


force  at  the  end  of  a  given  beam  is  known  it  may  be  treated  as 
cantilever  for  solution  of  stresses  and  strains.  Each  side  of 
6.2  is  equal  to  six  times  the  displacement  of  the  end  of  the  nth 


For  two  beams  which  are  of  the  same  material  and  equal  cross  sectional 
areas  and  1=2^  Equation  6.27  reduced  to 


W2  =  4/5  Wl 


(6.28) 


The  stress  diagram  for  two  beams  is  shown  in  Figure  6.30.  The  maximum 
horizontal  stress  in  the  longer  beam  is  4/5  of  that  in  the  shorter  and 
the  latter  will  fail  first  if  the  two  are  of  equal  strength.  For  a  step 
structure  of  five  beams  increasing  in  length  in  equal  increments  the  over¬ 
all  strength  increases  in  the  manner  shewn  in  Table  6.16. 


TABLE  6 . 1 6 


Relative  Strength  of  Beams  with  Equal  Spacing 
Number  of  Beams  Relative  Strength 


1  1.00 

2  1.60 


3 


2.21 


2.81 


3.4 1. 


Also,  the  greatest  stress  is  found  in  the  shortest  leaf  where  they  are 
all  of  the  same  thickness  and  material. 


Voussoir  Structures 


Mien  fractures  are  formed  in  a  stratum  in  a  roof  rock  member  of  an 
underground  excavation  a  lateral  unit  section  can  no  longer  be  considered 
either  a  simply  supported  beam  or  a  simple  restrained  beam  (encastre  at 
both  ends).  Evans'-’  has  proposed  that  the  strength  of  such  structures 
is  due  to  their  approximation  of  a  voussoir  arch  type  structure,  the  com¬ 
ponents  of  which  are  held  in  place  by  lateral  as  well  as  vertical  pres¬ 
sure  (See  Figure  6.31).  He  assumes  (1)  elastic  behavior,  (2)  no  ten¬ 
sile  stress,  (3)  adequate  shear  strength,  (4)  negligible  verticle  dis¬ 
placement,,  and  (5)  horizontal  elastic  strain  of  abutments  is  negligible. 
The -av  »nics  of  fabricated  '■ou'.soir  arches  are  discussed  in  detail  by 
Pi  po.vru“  •'  who  shows  that  the  pin.  or  contact  on  open  joints  may  migrate 
with  varying  leads  and  failure  may  he  predicted  on  model  arches  However 


Figure  6.3L  A,  B,  C.  A.  A  normal  voussoir  arch  with  loose 
cover  fill.  B.  The  same  as  A  with  joints  vertical.  C. 
Similar  to  B,  with  all  voussoirs  equal  but  total  load  not 
increased . 
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similated  rock  arches  underground  and  beams  are  never  as  geometrically 
symmetrical  as  fabricated  arches  and  the  principles  involved  are  of 
restricted  application.  Evans  assumes  a  fractured  rock  beam  with  a  tri¬ 
angular  stress  distribution  as  shown  in  Figure  6.32, 


T  = 
nT  = 
l/3nT  = 
z  = 
H  =. 

m2  = 


thickness  of  the  beam 
portion  of  section  under  stress 
distance  of  centroid  from  surface 
couple  arm  =  T(l-2/3n) 

thrust  or  effective  compressive  force  =  f™  -x  nT 

2 


moment.  -  Hz  =  fmT2  (n  n£) 

2  "  3 


However,  there  is  some  question  as  to  the  accuracy  of  Evan's  assumption, 
in  that  in  calculating  the  moments  for  the  voussoir  sections  he  neglects 
the  shear  force  acting  vertically  at  the  end  of  the  beam. 
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CHAPTER  VII 


DYNAMIC  STRESSES  AND  DESIGN  OF  OPENINGS 


Introduction 


Mathematical  analysis  of  pertinent  dymanic  rock  stresses  resulting 
from  surface  or  near  surface  detonations  to  the  present  has  been  concen¬ 
trated  on  the  effects  of  a  step-type  surface  wave  of  limited  horizontal 
extent  applied  to  the  surface  of  a  half-space.  Effect  of  such  a  stress 
wave  of  properly  simulated  duration  and  magnitude  indicates  that  its 
effect  upon  the  stress  concentration  at  the  surface  of  a  cylindrical 
opening  is  to  increase  the  effects  of  a  free  field  by  about  3.2  times, 
or  a  maximum  of  about  11  percent  over  a  static  field. 

Analysis  of  effects  of  static  stress  indicates  that  an  ellip¬ 
tical  cross-section  is  the  best  design  shape  to  use  for  most  geologic 
structures  which  are  suitable  for  protective  construction,  although 
a  circular  shape  is  most  stable  in  a  hydrostatic  field.  Cross-sections 
should  he  kept  as  small  as  possible  because  the  total  number  of  rock 
defects  increases  with  the  size  of  openings  and  consequently  the  pro- 
ability  of  either  limited  failure  or  collapse  of  the  opening  under 
heavy  stress  loads 


Several  bases  ate  offered  to  serve  for  engineering  design  of  under¬ 
ground  openings  to  resist  dynamic  loads.  These  include  (1.)  the  appli¬ 
cation  of  theoretical  multiplication  of  free  stress  field  values  by 
factors  for  the  presence  of  the  opening,  (2)  scaling  from  model  crater 
studies  in  the  particular  type  of  rock,  (3)  extrapolation  from  model 
tunnel  tests  in  similar  types  of  rock,  and  (4)  impact  studies  of  the 
reaction  of  the  structural  segments  of  underground  openings  to  blast 
loading . 


At  the  present  time  design  criteria  are  based  primarily  on  the 
facts  which  have  been  learned  from  a  small  number  of  HE  tests  and  a 
fewer  number  of  underground  measurements  of  phenomena  induced  by  nuclear 
detonations.  Also, l t  heoret  leal  studies  have  been  described  in  two  pap- 

by  Pantal 1 
interaction 
circul ar 


era,  one  by  GlLberL^  and  one  by  Baron,  et  al^,  and  summarized 
and  Auld-5.  These  deal  with  a  mathematical  analysis  of  the 
in  an  elastic  medium  to  a  pLane  stress  wave  impinging  on  a 


c  Lindrlcal  hole  in  a  half-space. 


Elastic  Plane  Stress  and  Cylindrical  Openings.  The  static  stress 
distribution  around  a  circular  opening  in  a  plate  has  been  treated  in 
Chapter  VI  for  three  types  of  stress  field  conditions.  For  a  uni¬ 
directional  stress  field  the  introduction  of  a  circular  opening  creates 
a  maximum  stress  which  is  three  times  that  of  the  stress  field.  It  acts 
on  a  plane  normal  to  the  stress  field  direction  and  is  of  the  same  sign 
as  the  free  field 


7.2 


The  pertinent  results  of  the  mathematical  analysis  in  references 
1  and  2  plus  the  results  of  experimental  photoelastic  research  by  Durell 
and  Riley^  have  likewise  been  summarized  by  Pan tall  and  Auld^  and  are 
briefly  repeated  here  for  purposes  of  further  comparison  and  analysis. 

In  both  theoretical  and  experimental  analyses  ideal  elastic  condi¬ 
tions  are  assumed.  Gilbert  and  Baron,  et  al. ,  assumed  that  an  essentially 
plane  wave  was  acting  on  one  boundary  of  a  half-space,  and  Gilbert  that 
the  incident  pulse  had  a  very  short  rise  time  and  a  slow  decay.  High 
frequency  approximations  from  geometrical  optics  and  utilization  of  the 
first  two  terms  of  a  Fourier  series  offered  a  simplified  approach.  The 
maximum  stress  was  found  to  be  tangential,  occurs  at  the  hole  surface 
at  an  angle  of  60°,  (Figure  7.1),  and  i§  twice  the  free  field  stress. 

Baron,  et  al.,  solved  the  same  problem  by  assuming  that  the  compo¬ 
nents  of  the  stress  wave  are  aF(t)  and  VOF(t)  parallel  and  normal  to  the 
direction  of  propagation  respectively.  A  solution  was  obtained  for  a 
step  pulse  which  would  then  be  generalized  for  an  appropriate  F(t)  by 
use  of  Duhamel  s  integral.  Comparative  results  are  given  in  Figure  7.1. 
Gilbert  s  results  cannot  be  projected  beyond  60°  and  it  is  noted  the 
values  obtained  by  the  other  method  for  a  step  pulse  approach  the  static 
case . 

Photoela3tic  experiments^  were  conducted  with  epoxy  resin  models  im¬ 
pacted  with  a  drop  weight.  The  model,  applied  stress  and  results  of 
stress  analysis  are  shown  in  Figure  7.2  to  7.6.  The  resin  used  has  the 
following  properties: 

E  -  560  psi 
V  ^  0.46 
P  -  70  lb/ff3 

For  the  created  biaxial  stress  field,  i.e,,  vaA  e  -0.46oA,  the  maximum 
static  stress  concentration  would  be  3.45  times  the  field  stress,  and 
the  maximum  dynamic  stress  was  found  to  be  11.4  percent  higher  than  this, 
Pantall  and  Auld  conclude  that  the  theoretical  values  of  maximum  stress 
and  those  determined  experimentally  are  in  reasonable  agreement,  and  that 
it  may  be  possible  to  use  these  solutions  as  first  approximations  to  the 
design  problems  of  underground  protective  installations. 

The  apparent  weaknesses  in  the  above  approach  are:  (1)  the  assumption 
of  ideal  elastic  rock  (2)  possible  oversimplification  of  mathematical  pro¬ 
cedures,  and  (3)  the  assumptions  concerning  the  nature  and  means  of  appli¬ 
cation  of  the  forcing  function,  l.e.,  lor  air  blast  only.  For  a  ground 
burst  or  detonation  which  occurs  in  a  deep  ravine  or  canyon,  the  partial 
confining  effects  of  surface  topography  cannot  be  ignored,  and  geologic 
structure  is  probably  mote  important  than  in  static  design, 

(Jeol.oglc  Structure.  Consider,  for  examp'e,  the  case  of  an  opening 
in  a  horizontally  stratified  medium.  (Figure  7.7).  it  will  necessarily 
approach  being  rectangular  in  shape  and  the  ruoi  strata  may  be  the  loci 
of  high  stress  concentrations  particularly  near  the  ribs.  As  indicated 
in  Chapter  VI  sections  of  such  roofs  may  under  certain  conditions  be 
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Figure  7.1.  Hoop  stress  vs.  central  angle. 
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Figure  7.2.  Sketch  of  model  illustrating  location  of  hole  and 
symmetric  free  field  point. 4 


Figure  7.3.  Applied  stress  as  a  function  of  time  at  the 
symmetric  free  field  point/4 


Figure  7.4.  Static  and  dynamic  stress  distributions  on  the  hole 
boundary  -  1,320  microseconds  after  impact.^ 
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Figure  7.5.  Static  and  dynamic  stress  distributions  on  the  hole 
boundary  -  3,075  microseconds  after  impact.^ 


i 


Figure  7.7.  Rock  strata  would  cause  additional  stresses  due  to 
vibration  (inertia)  effects  in  roof  members. 


Figure  7.8.  Diagramatic  sketch  of  inclined  strata  with  impedance 
condition  which  would  tend  to  channelize  wave  energy,  accentuated 
by  detonation  in  deep  ravine  or  canyon.  Beds  on  above  and  below 
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Created  as  restrained  beams.  In  addition  to  the  dynamic  stress  field 
which  would  be  superposed  on  the  existing  static  field,  the  beam  would 
be  subject  to  flexural  vibrations.  Accelerations  of  several  g's  may  be 
experienced  by  the  beam  and  the  stresses  induced  clue  to  vibration  would 
be  added  to  the  direct  effects  of  static  and  dynamic  stress  fields. 

Figures  7.8  to  7.12  give  other  schematic  examples  of  local  geologic 
structures  which  may  conceivably  be  encountered  in  underground  openings. 

If  there  are  vertical  fractures  present  in  a  unidirectional  field  (ver¬ 
tical)  the  periphery  of  the  tunnel  would  not  support  tension  at  the  top 
or  bottom  of  a  circular  opening,  which  would  change  the  stress  distribu¬ 
tion  about  the  opening.  Also  as  a  circular  hole  in  a  stressed  plate  is 
moved  near  a  boundary,  the  stress  concentration  In  the  "pillar"  between 
the  hole  and  the  boundary  (fault)  increases  very  rapidly  .  Thus,  openings 
should  not  be.  driven  near  and  parallel  to  faults,  or  cross  them  at  acute 
angles . 

°  Vertical  or  inclined  joints,  bedding,  planes  or  fractures  of  any 
type  would  affect  the  stress  distribution  in  that  they  transmit  no 
tensile  stresses  and  very  little  shear  stress.  Also,  as  in  the  case  of 
the  roof  beam  considered  above,  inertial  forces  would  be  effective  in 
dislodging  broken  segments  of  rock  unless  they  were  held  in  place  by  some 
type  of  support  or  rock  bolt. 


The  effects  that  geologic  structure  may  have  upon  stress  distribution 
are  indicated  by  results  of  an  investigation  by  McHenry  and  Olsen  of  the 
Bureau  of  Reclamation  as  reported  by  Terzaghi  and  Richart®. 


The  procedure  employed  Is  that  of  strain  relief  or  stress  relaxation. 
The  strain  relief  is  compared  with  the  necessary  stress  to  produce  the 
same  strain  on  laboratory  specimens.  The  computation  is  based  upon  the 
assumption  that  the  stress-strain  relations  governing  the  elastic  expan¬ 
sion  of  the  rock  during  strain  relief  are  identical  with  those  prevailing 
during  the  laboratory  test.  Terzaghi  points  out  that  this  assumption  is 
not  necessarily  justified,  because  the  strain  relief  reduces  the  rock 
stresses  to  zero  for  the  first  time  during  the  rock's  history. 


Subsequent  to  the  performance  of  initial  tests,  strain  relief  tech¬ 
niques  were  Improved  and  simplified,  and  Figure  7.13  gives  the  results 
of  stress  determinations  made  by  the  Bureau  of  Reclamation  just  prior  to 
1952  at  the  Gorge  Powerhouse  penstock  (Seattle,  Washington).®  The  tunnel 
is  at  a  200  foot  depth  beneath  a  ridge  of  sound  granitic  gneiss.  The 
central  vertical  axis  is  the  centerline  of  the  roof,  and  the  abscissae, 
measuring  points  on  the  tunnel  profiles  at  the  stations  indicated. 


The  rock  is  described  as  being  fairly  intact  and  therefore  the  state 
of  stress  should  be  approximately  the  same  at  each  station.  However,  the 
stress  distribution  varies  in  a  somewhat  erratic  manner.  Figure  7 . 14 
shows  a  plotted  stress  diagram  approximately  compatible  with  computed 
stresses.  The  minimum  stresses  have  a  value  of  1050  psi  close  to  the 
top  of  the  tunnel,  and  a  maximum  of  3750  psi  close  to  the  center  of  the 
rib.  The  initial  horizontal  pressure  was  initially  smaller  than  the  ver¬ 
tical,  which  is  considerably  different  than  the  Hoover  Dam  Tunnel  where 
the  horizontal  pressure  was  greater.  The  stresses  measured  correspond  to 
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Figure  7.9.  Placing  of  openings  with  long  axis  nearly  parallel 
and  too  close  to  fault  creates  area  of  high  stress  concentration 
which  may  be  critical  in  high  magnitude  stress  field. 


(a)  CROSS  AT  RIGHT  ANGLES  (b)  CROSS  AT  AC.jTE  ANGLE 

CORRECT  INCORRECT 

Figure  7.10.  Faults  should  be  crossed  at  90°  to  minimise  possi¬ 
bility  of  high  stress  concentration  zones. 
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vertical  free  field  stress  of  1400  psi,  whereas  the  depth  of  rock  over 
the  tunnel  accounts  for  only  230  psi. 

Thus,  it  can  be  readily  seen  that  if  dynamic  stresses  are  superposed 
on  existing  static  stresses,  which  in  some  cases  may  be  much  greater  than 
would  be  expected  from  the  vertical  lithostatic  pressure,  failures  may 
occur  due  to  induced  rock  bursts  very  similar  to  those  which  occur  in 
many  operating  mines  where  unfavorable  stress  conditions  are  created. 

Transfer  of  Stresses  -  Rock  Bursts.  Isaacson'*  and  others  as  well 
(see  Chapter  V  -  Rock  Failure)  have  emphasized  the  principle  of  distres¬ 
sing  of  rock  under  critically  high  stress  in  deep  underground  workings 
where  static  stresses  are  of  relatively  high  magnitudes  because  of  depth 
or  ieclotiic  forces.  This  principle  should  be  investigated  with  reference 
to  its  possible  application  to  the  problem  of  protective  construction. 

The  structure  shown  in  Figure  7.15  has  two  advantages  (1)  it  has  moved 
the  zone,  of  major  static  stress  away  from  the  opening  and  (2)  it  furnishes 
a  "buffer"  between  the  "extradosal"  rock  and  the  "intradoeal"  rock  which 
should  increase  probability  of  survival  significantly  for  Zone  4*and 
possibly  Zone  3*type  damage.  Such  a  method  would  probably  not  be  effec¬ 
tive  in  the  NTS  tuff,  which  rapidly  re-cements  and  solidifies,  but  shouLd 
be  considered  for  rocks  such  as  limestones  and  granites. 

Artificial  Support.  Types  of  artificial  support,  i.e.,  timber  and 
steel  have  been  discussed  in  Chapter  IX.  It  is  not  too  clear  at  present 
which  type  of  support  is  most  desirable.  Some  hypothetical  long  time 
response  curves  for  various  types  of  support  are  given  in  Figure  7.16. 
Timber  fails  gradually,  while  rigid  steel  supports  offer  high  initial 
resistance  but  fail  rapidly.  Bolted  yielding  arch  supports  offer  vir¬ 
tually  constant  resistance  to  loading.  It  is  suggested  that  some  type 
of  hydraulic  support  or  damped  elastic  type  support  may  offer  some  ad¬ 
vantages.  If  the  long  period  response  can  be  approximated,  a  Berger's 
model  or  similar  model  may  be  devised  to  ascertain  the  response  to  a 
shorter  period  forcing  function  F(t) 

In  general,  the  principles  of  rock  support  which  have  been  developed 
through  experience  in  mines  and  tunnels  may  be  employed  as  a  basis  for 
design  of  support  under  dynamic  load.  Much  more  must  be  known,  however, 
regarding  the  nature  of  the  loading  function,  rock  reaction  and  the  re¬ 
action  of  support  members  themselves  to  dynamic  loads.  Also,  the  nature 
of  the  dynamic  stress  field  must  be  defined,  and  if  equi.-tr  lax  la  1 ,  a 
circular  opening  is  indicated,  or  If  the  horizontal  e omponents  are  less 
than  the  vertical,  an  ellipse  may  be  the  better  shape  to  use.  Tn  any 
event,  shape  of  opening  and  support  requirements  will  governed  in 
varying  degrees  by  local  geologic  structure 

*  Zone  4  Slight  spalling.  Zone  3:  Sign  i  f  i  '■ant  spalling. 
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Figure  7.15.  Formation  of  fractured  or  destressed  zone  by  explosives 
around  circular  opening,  leaving  a  ring  of  solid  supporting  rock, 
surrounded  by  a  destressed  zone  of  broken  rock  with  the  major  static 
stresses  transferred  beyond  the  fracture  zone.  Curves  represent  (a) 
tangential  stresses  before  destressing,  and  (b)  after  destressing. 
Principle  offers  some  promise  for  protective  design. 
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CHAPTER  VIII 


SIMILITUDE  AND  DEEP  PROTECTIVE  CONSTRUCTION 


Introduction 


If  a  strict  application  of  mathematical,  theory  were  to  be  appl  ied 
to  treatment  of  scale  factors  for  extrapolation  of  model  blasting  studies 
with  a  few  pounds  of  HE  to  the  effects  of  megaton  size  devices  a  large 
number  of  variables  would  of  necessity  enter  into  consideration.  How¬ 
ever,  inasmuch  as  the  effects  of  many  variables  such  as  mechanical  and 
physical  properties  of  rock,  geologic  structure,  variation  in  pulse 
length,  differences  in  explosive  chamber  size,  magnitude  of  pressure, 
and  others,  cannot  be  evaluated  and  readily  extrapolated  by  similitude, 
it  is  necessary  to  resort  to  gross  effects  and  reasonable  simplifications. 
By  this  means  it  appears  to  be  possible.,  not  only  to  make  realistic  approx¬ 
imations  of  the  radios  of  probable  survival  of  a  deep  installation,  but 
to  predict  within  a  reasonable  range  pertinent  sale  design  depths  for 
various  rocks  of  the  types  which  would  be  recommended  for  protective  in- 
s ta I  1  at  ions, 

For  purposes  of  the  follow. ng  discussion  it.  is  assumed  that  the 
most  damaging  c ! rcumstances  occur,  i.e.,  that  a  bomb  in  the  megaton  range 
penetrates  to  sufficient  depth,  that  it  is  sufficiently  confined  that 
a  very  largo  percentage  of  available  detonation  energy  is  transferred  to 
the  rock. 


Similitude  and  Confined  Explosives 


The  general  scaling  law 
ing  form: 


for  explosives  may  be  stated  in  the  follow- 


(8.1) 


where 

S  .  scale  factor,  i.e.,  Liu*  ratio  between  linear  dimensions  of 
model  and  prototype. 


W|  weight  of  explosive  lor  prototype. 

W.^  --  weight  of  explosive  for  model. 

That  Is  to  say,  the  weight  oi  explosive  varies  as  the  cube  oi  the  I  Inoar 
size  of  the  model  or  prototype  being  tested.  For  example,  according  to 
theory  it  one  pound  oi  explosive  is  required  to  destroy  a  model  tunnel, 
one  thousand  pounds  would  be  required  to  cause  the  same  degree  oC  des¬ 
truction  in  j  tunnel  ten  times  as  large  in  all  of  its  linear  dimensions, 
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i,e.,  the  linear  dimensions  of  the  explosive  charge  are  increased  in  the 
name  proportion  as  the  increase  in  size  of  tupnel.  This  law  of  destruc¬ 
tion  by  explosives  is  known  as  Hopkinson's  rule*-.  It  states  that  if  all 
of  the  linear  dimensions  of  a  structure  and  the  explosion  to  which  it  is 
subjected  are  scaled  by  a  factor  S,  the  resultant  damage  will  be  increased 
in  the  same  scale  or  proportion.  Gole^  states  that  the  rule  is  not  known 
to  be  generally  valid,  but  it  was  found  to  be  true  for  the  British  "pot" 
gauge  employed  in  testing  the  effect  of  underwater  explosions. 

The  primary  object  of  this  analysis  is  to  verify  the  fact  that  reac¬ 
tion  of  model  and  prototype  tunnels  and  the  parameters  connected  with 
explosive  behavior  obey  this  law,  or  to  determine  how  much  deviation  may 
occur,  its  causes  and  how  this  may  be  taken  into  account  in  damage  limit 
ca  1  cul  a  t  ions  . 

In  general,  if  it  is  assumed  that  the  velocity  of  propagation  depends 
upon  stress  and  not  the  rate  of  strain  then  the  scale  factor  S  can  be 
applied  and  the  various  factors  of  the  model  law  may  be  tabulated  as  shown 
in  Table  8.1.  There  was  some  indication  that  fracture  may  depend  some¬ 
what  upon  the  rate  of  strain,  but  this  apparently  does  not  affect  demoli¬ 
tion  results  as  much  as  other  parameters  such  as  confinement,  strength 
of  rock,  etc. 

Damage  Scaling  -  Tuff.  The  damage-distance  relationships  for  tunnel, 
support  tests  were  initially  based  on  rock  damage  to  tunnels  in  the 
Rainier  event^.  It  was  found  in  four  subsequent  detonations,  however, 
that  the  closure  effects  upon  access  tunnels  were  greatly  influenced  by 
the  tunnel  configuration  near  Lhe  device.  There  is  close  agreement  be¬ 
tween  the  closure  distances  for  the  two  tunnels  with  hooked  ends,  Rainier 
and  Tainalpais.  No  correlation  was  Indicated  with  the  straight-end  tunnels. 


TABLK  8.2 


Distance 

Outer 

Angle  of 

to  point 

1  Lini.  t 

Tunnel 

Distance, 

inc idenee 

of  closure 

zone  4, 

ilvent  and 

eonflgu- 

zero  point 

zero  point 

scaled  to 

scaled 

Tunne 1 

ra  t i on 

to  closure 

to  closure  field 

1  -kt 

to  1  - k  t 

foot 

degrees  let 

fee  t 

feet 

Rainier, 
aU- 12b 

hooked 

200 

Id  1.7 

168 

420 

Tania  1  pa  is 
U-l 2b. 02 

’  hooked 

80 

28  0.09 

1.79 

420 

Logan , 

U  -  L  2e . 02 

straight 

820 

35  2,.  5 

2)96 

1190 

livans , 

U-l  2b.  02. 

hooked 

unknown 

0.02)5 

unknown 

unknown 

Blanca , 

U- I2o.05 

s  t  ra  i  gh  t. 

b  870 

lb  2  5. 

306 

690 

^Infornvit  ion  from  Operation  Plumbbob,  included  for  comparison. 

k'nith  venting  to  the  unusable  port  tun  of  lhe  drifL  beyond  the  zero  point. 
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TABLE  8.1 


Quantity  Symbol  Dimensions 
(1) _ (2j _ (3) 

Diemnsions 

In 

New  System 
(4) 

Scale 

Factor 

(5) 

Quantity 

In 

New  System 
(6) 

Quantities  Com¬ 
parable  at  a 
Constant  Value 
of  Distance  r/S 
(7) 

Length 

L 

L 

SL 

S 

SL 

L/S 

Mass 

M 

pL3 

3  3 
pS  L 

s3 

3 

S  n 

M/S3 

Time 

T 

T 

ST 

s 

ST 
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Force 

F 

mlt'  2 
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s2 

s2f 

F/S2 

Energy 

E 
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s3 

s3e 

E/S3 

Pressure 

P 
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ML-1!’2 

1 

P 

P 

Velocity 

V 

lt"1 

lt"1 

1 

V 

V 
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Impulse 

I' 

mlt"1 

3  -1 

S  MLT 

s3 

s3i’ 

i’/s3 

Impulse 
per  unit 
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I 

ML-1!"1 

+ 

SML'1!-1 

s 

SI 
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Displace¬ 
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D 

L 

SL 

s 

SD 

D/S 

Acceler¬ 

ation 

a 

LT-2 

-1-2 

S  LT 

s-1 

S"1a 

Sa 

TABLE  8.3 


CRUSH  AND  FRACTURE  ZONES  -  RAINIER  &  NEPTUNE 


Crushing  -  ft. 

Scaled 

Distance 

Fracture  -  ft. 

Scaled 

Distance 

Neptune 

40  ft.  down 

50  -  80  ft.  laterally 

89 

111-178 

70  ft.  downward 

156 

Rainier 

80  -  130  ft. 

67-108 

220  ft.  downward 
280  ft.  maximum 

184 

235 
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The  size  of  the  crush  and  fracture  zones  indicated  by  drilling  the 
Rainier  and  Neptune  sites  (post-shot)  have  the  distances  and  scaled  dis¬ 
tances  in  Table  8.3  .  The  scaled  limit  of  the  fracture  zones  for  Rainier 
and  Neptune  corresponds  quite  closely  to  the  closure  distance  for  the 
Rainier  tunnels.  Hence,  for  tuff  it  appears  that  the  fracture  zone  marks 
the  limit  beyond  which  survival  might  be  expected  and  that  support  would 
be  required  for  openings  which  approach  this  scaled  distance.  The  scaled 
distance  for  other  types  of  rock  would  not  necessarily  be  of  the  same 
range  of  values. 

Cratering  and  Scaling.  Shelton,  et  al^,  in  their  studies  of  the 
possible  uses  of  nuclear  explosives  for  excavations  state  that  HE  test 
programs  at  NTS  with  charge  weight  ranging  from  256  lbs.  to  20  tons  of 
TNT  indicate  from  dimensional  analysis  that  the  basic  scaling  law  based 
on  WL'3  is  correct  for  true  craters.  (For  apparent  craters  a  scaling  law 
closer  to  was  found  to  apply  due  to  gravity  effects).  Murphey  and 

MacDougall3,  report  that  failure  to  eject  material  beyond  the  crater  lip 
occurs  at  a  scaled  depth  of  burst  of  2.5  (in  lb. -ft.  system)  or  325  in  the 
kiloton  system  (the  multiplying  factor  being  130.1). 

The  major  features  of  underground  nuclear  explosions  conducted  to 
date  are  given  in  Table  8.4.  Neptune  was  the  only  one  which  broke  through 
to  the  surface,  and  it  was  confined  at  a  scaled  depth  of  220.  Data  for 
small  scale  cratering  in  various  types  of  rock  are  given  in  Chapter  V. 

A  comparison  of  the  recorded  fracture  limits  in  UCRL  5757  and  those 
tabulated  in  Table  8.3  agree  very  closely  with  the  tunnel  closure  dis¬ 
tances  utilized  by  Lee  and  Wing  given  in  Table  8.2. 

ERDL  Tunnel  Demolition ■ ^  The  Corps  of  Engineers  conducted  a  series 
of  tests  to  determine  certain  tunnel  demolition  criteria.  Charges  of  HE 
were  located  in  chambers  in  the  rock  (basalt)  near  the  level  of  the  spring 
line  of  full  scale  abandoned  railroad  tunnels.  A  summary  of  the  shots 
fired  is  given  in  Table  8.5. 

From  the  plots  of  scaled  crater  depths  versus  scaled  charged  depths 
(Chapter  V)  the  indicated  camouflet  depths  for  the  rocks  are  listed  in 
Table  8.6,  together  with  similar  data  from  ERDL  and  NTS  shots.  The 
camouflet  values  for  charges  breaking  to  a  free  surface  are  undoubtedly 
too  high  for  a  tunnel  target  configuration.  Comparable  values  to  cause 
Zone  4*  damage  for  openings  are  believed  to  occur  well  past  the  peak  of 
the  scaled  charge  depth  versus  scaled  crater  volume  curve,  but  not  at  com¬ 
plete  camouflet.  The  values  so  adjusted,  selected  somewhat  arbitrarily, 
are  included  in  Table  8.6.  The  values  for  Chalk  may  be  anomalous  at  small 
scale  because  of  its  properties. 

Scaled  Cratering  and  Underground  Damage  Prediction.  A  plot  of  the 
results  of  numerous  cratering  experiments  conducted  in  two  types  of 
granite,  two  types  of  sandstone,  limestone,  and  tuff,  and  damage  to  tar¬ 
get  tunnels  indicates  scaling  within  reasonable  limits  for  Zone  1  damage 
according  to  the  cube,  root  law.  (Figure  8.1).  Criteria  for  effective 
breakage  is  discussed  in  Chapter  V,  Rock  Failure,  utilizing  data  for 
crater  radius,  depth  and  volume. 


*  Zone  4  -  Complete  collapse. 
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TABLE  8.5 

ERDL  TUNNEL  DEMOLITION 


Depth 

Scaled 

Charge  Size 

ft  „ 

Depth-lb. 

kt. 

Results 

500 

15.7 

1.97 

256 

Slight  spalling 

750 

15 

1.66 

216 

Broke  through 

750 

15 

1.66 

216 

Broke  through 

2-750* 

15 

1.66 

216 

Broke  through 

4-750 

15-20 

1.66 

216 

Broke  through 

*  in  coyote 

tunnels,  unstemmed,  charges 

fired 

simultaneously. 

TABLE  8.6 

CAMOUFLET 

SCALED  DEPTHS  AND  FRACTURE 

ZONES 

FOR  ROCKS 

Pound 

Base  Kitoton 

Base 

Adjusted 

Adjusted 

Rock  Type 

Catnouf  let 

Value  Catnouflet 

Value  Remarks 

Lithonia  Granite 

3.0 

2.8 

390 

364 

Free  surface 

Marl stone 

4.0 

3.2 

520 

416 

Free  surface 

Kanawha  Sandstone 

3.5 

7.7 

465 

351 

Free  surface 

N lobar a  Chalk 

4.8 

4.0 

624 

520 

Free  surface 

Unaweep  Granite 

4.3 

3.3 

559 

429 

Free  surface 

Navajo  Sandstone 

4.5 

3.5 

585 

455 

Free  surface 

Basalt  (ERDL) 

2.0 

- 

260 

- 

Tunnel  target 
full  scale 

Tuff  (NTS) 

1.41-1.81 

184-235 

Tunnel  target 
full  scale 

Limestone  (MSM) 

1.9 

- 

247 

- 

Tunnel  target 
model  scale 

Weight  cf  Charge  —  Kilo  tons 


8.7 


I06  I— 


10s 


I0U 


I0'3 


10  100 
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Figvire  8.1a.  Scaling  of  HE  and  Ne  shots  which  were  effective  in 
cratering.  All  underground  nuclear  shots  also  included.  Scaled 
distances  are  well-defined  for  Zone  1  damage. 


Weight  of  Chorge  —  Pounds 
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The  most  reliable  single  criterion  appears  to  be  a  curve  for  crater 
volume  because  it  is  a  measure  of  breakage  energy  (Figure  8,2).  Proposed 
schematic  sections  for  damage  of  Zone  1,  2,  3  and  4  types  are  indicated. 
Thus,  if  a  series  of  crater  experiments  in  the  protective  installation 
rock  mass  can  be  performed  and  the  proper  correlation  is  known  between 
cratering  and  tunnel  damage  phenomena,  the  safe  depth  for  the  installa¬ 
tion  can  be  predicted  quite  accurately  without  a  detailed  knowledge  of 
all  of  the  physical  properties  of  the  rock.  The  geologic  structure  must, 
of  course,  also  be  known  in  detail,  and  the  overlying  rock  have  attenua¬ 
ting  properties  equal  to  or  greater  than  that  of  the  rock  in  which  the 
installation  is  to  be  excavated.  It  is  likely  that  where  the  target  is 
the  restricted  surface  of  a  tunnel  that  the  curve  would  drop  more  rapidly 
on  the  right,  depending  on  the  spacing  of  geologic  weaknesses  relative  to 
the  size  of  the  tunnel. 

The  determination  of  the  correlation  parameters  for  this  type  of 
extrapolation  would  appear  to  be  a  most  fruitful  field  for  research  to 
furnish  reliable  data  and  criteria  for  engineering  design. 
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Figure  8.2.  Schematic  curve  of  scaled  crater  volume  vs. 
scaled  charge  depth  utilized  to  predict  zonal  damage  to 
target  underground  openings. 
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CHAPTER  IX 


SUPPORT  OF  UNDERGROUND  OPENINGS 


Introduction 


Many  of  the  sizes  and  shapes  of  openings  that  are  proposed  to  be 
utilized  for  deep  underground  protective  construction  are  the  same  as 
those  which  may  be  found  in  mines,  tunnels  and  other  types  of  man-made 
excavations.  Consequently,  the  types  of  support  required  for  quiescent 
conditions  are  identical  for  both  types  of  openings  under  similar  geolo¬ 
gic  conditions.  No  proven  method  of  support  has  been  devised  for  the 
loading  conditions  which  would  need  to  be  resisted  under  high  level  im¬ 
pact  loading. 

If  a  site  is  chosen  so  that  the  majority  of  openings  are  in  firm, 
strong  rock,  little  or  no  artificial  support  will  be  required  for  stabi¬ 
lity  under  normal  conditions.  It  is  likely  that  in  the  moat  ideal  rock, 
however,  some  support  will  be  required  in  broken  or  faulted  areas.  Also, 
the  proven  methods  of  safe  static  support  and  support  under  "squeezing" 
conditions  will  provide  the  best  basis  for  design  of  supports  to  resist 
transient  or  dynamic  loads. 

In  either  the  case  of  static  loading  or  dynamic  loading,  certain 
areas  of  an  underground  installation  may  require  artificial  support  in 
areas  of  faulting,  jointing,  alteration,  etc.  For  a  large  portion  of 
openings  in  many  mines  timber  support  is  employed.  Timber  is  often 
chosen  because  of  its  lower  cost  and  the  relatively  short  period  which 
is  required  for  the  mine  openings  to  be  kept  operative.  However,  the 
properties  of  timber  have  been  found  to  offer  some  advantages.  First, 
timber  usually  fails  slowly  and  is  capable  of  supporting  relatively 
large  loads  accompanied  by  large  deflections.  In  squeezing  ground  timber 
will  usually  fail  slowly  and  give  adequate  warning  of  high  pressure  from 
the  rock  which  it  is  supporting.  This  quality  may  also  be  an  advantageous 
one  to  utilize  in  protective  construction  to  absorb  a  fraction  of  the 
shock  and  high  velocity  spallation  from  a  high  order  impact  load. 


Static  Support 


Mine  Timbering.^  Some  types  of  mine  timbering  are  designed  to  sup¬ 
port  large  openings  (stopes)  temporarily . _  That  described  below  is  adapt¬ 
able  largely  to  openings  such  as  tunnels  and  large  rooms  which  are  ap¬ 
proximately  equi-dimensional  in  cross-section. 

The  simplest  type  of  timbering  is  a  one  piece  set  composed  of  a 
single  post,  denoted  stull  or  prop  in  mining  terminology  (Figure  9.1). 

It  is  placed  primarily  for  support  of  loose  slabs  or  where  only  a  moder¬ 
ate  amount  of  timber  is  required  to  hold  the  roof  or  wall.  Two  piece 
and  three  piece  sets  in  Figures  9.2  to  9.4  are  used  where  no  timber  sill 


Roof 


Figure  9.1.  Post, 


-Round  Lagging 
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Figure  9.3.  Two-piece  stull  set.  Figure  9.4.  Three-piece  set, 

Inclined  poats. 


Figure  9.5.  Four-piece  set 
sawed  timber. 


Figure  9.6.  Heavy  timbering  at 
Broken  Hill,  N.S.W. 
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is  required.  For  ground  which  requires  still  more  support  in  drifts 
(tunnels)  four-piece  set  designs  are  applicable  as  illustrated  in  Figurea 
9.5  and  9.6.  For  timbering  of  large  stopes  whose  walls  require  close 
support,  square  sets  are  placed  in  excavations  as  soon  as  a  sufficient 
amount  of  ore  has  been  removed  to  make  room  for  a  timber  set.  This  usu¬ 
ally  provides  temporary  support,  however,  and  is  filled  with  waste 
(broken  rock)  for  permanent  stability. 

Cribbing  offers  a  very  strong  type  of  timber  support  and  its  sim¬ 
plest  form  is  fabricated  by  placing  of  lengths  of  square  section  timber 
at  right  angles  to  each  other  in  successive  layers.  It  may  be  built  to 
any  height  and  for  stronger  support  may  be  filled  with  waste  rock.  A 
strong  type  of  framing  is  made  by  dovetailing  the  timbers  at  the  corners. 
(Figure  9.7) 


Steel  Support 

Proctor,  White  and  Tergaghi^  have  offered  a  series  of  empirical 
formulas  for  the  determination  of  loads  on  steel  tunnel  sets  for  various 
types  of  ground.  The  values  employed  are  based  on  results  of  experiments 
in  sand  and  observed  behavior  of  timber  in  tunnels  in  the  Alps.  However, 
these  design  criteria  are  for  the  most  part  applicable  to  tunnels  of 
shallow  depth,  or  assume  a  limited  amount  of  arching  in  the  superincum¬ 
bent  rock  which  causes  both  a  horizontal  and  a  vertical  load  on  the 
tunnel  supports.  In  most  cases  the  load  is  taken  as  a  factor  multiplied 
into  the  sum  of  the  width  and  height  of  the  tunnel.  This  appears  to  have 
some  justification  as  a  first  approximation  for  static  loads,  particular¬ 
ly  in  sand  or  swelling  ground,  deteriorated  rock  or  types  of  rock  which 
slakes  or  swells  on  exposure  to  air. 

Steel  can  be  erected  in  a  shorter  time  and  with  fewer  men  than 
timber.  The  trend  towards  steel  also  has  been  because  timber  rots  and 
decays  behind  the  concrete  lining  which  results  in  an  uneven  load  on  the 
framing  or  lining. 

The  first  step  in  the  design  of  a  tunnel  is  the  choice  of  cross  seer 
tional  shape.  Although  upon  first  analysis  it  may  appear  that  a  circular 
cross  section  is  the  preferred  design  shape  this  does  not  automatically 
preclude  others  from  consideration.  Conventional  cross  sections  (Figure 
9.8)  provide  a  horse  shoe  shape  with  a  somewhat  curved  floor.  Most 
shapes  are  adaptable  to  either  timber  or  steel  support  (Figure  9.9). 

2 

Proctor,  et  al  ,  point  out  that  for  tunnel  support  systems  made 
of  steel  there  are  roughly  five  types;  (1)  continuous  rib,  (2)  rib  and 
post,  (3)  rib  and  wall  plate,  (4)  rib,  wall  plate  and  post,  and  (5)  full 
circle  rib.  These  principle  systems  are  shown  in  Figures  9.10  to  9.14. 
Figure  9.15  illustrates  an  invert  truss  type  in  combination  with  con¬ 
tinuous  ribs.  The  factors  which  must  be  considered  in  choice  of  a  sup¬ 
port  system  are  (I)  method  of  excavation,  (2)  rock  behavior,  and  (3)  the 
size  and  shape  of  the  tunnel  cross  section.  Methods  include  the  full 
face  method,  top  heading  and  various  pilot  drift  methods.  In  protective 
construction,  support  requirements  will  be  the  primary  consideration  and 
the  method  of  excavation  will  not  necessarily  govern  the  design  of  sup¬ 
port  members  where  they  are  required. 


Special  12"  x  12"  Tunnel  Timber 
Figure  9,7a.  Support  at  United  Verde  mine. 


Timber  Bulkhead 

Figure  9.7b.  Support  at  United  Verde  mine 
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Figure  9.S,  Tunnel  rmss-sectlons . 


Figure  9.9.  Ccntpar Ison  of  steel  and  wood  supports. 
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A  continuous  rib  type  (Figure  9.10)  is  usually  made  in  two  pieces 
for  maximum  speed  of  erection,  lowest  first  cost,  and  lowest  erection 
cost.  It  is  sometimes  used  in  three  or  four  pieces  to  meet  special  con* 
ditions  and  with  the  following  methods  of  attack:  (1)  full  face,  (2)  side 
drift,  and  (3)  multiple  drift.  A  rib  and  post  type  (Figure  9.11)  is 
employed  with  the  following  methods  of  attack:  (1)  full  face  -  in  tun¬ 
nels  whose  roof  arch  makes  an  angle  with  the  side  wall,  (2)  multiple 
drift  and  side  drift  -  in  tunnels  of  such  large  size  that  two-piece 
continuous  ribs  cannot  be  shipped  and/or  handled,  (3)  heading  and  bench 
and  top  heading  -  for  support  in  the  drift  (with  truss  panels)  for 
early  support  to  roof.  In  the  rib  and  wall  plate  type  (Figure  9.12), 
the  rib  is  also  usually  made  in  two  pieces  for  maximum  speed  of  erection, 
lowest  first  cost,  and  lowest  erection  cost.  It  is  sometimes  used  in 
three  or  more  pieces  to  meet  special  conditions  and  with  the  following 
methods  of  attack:  (1)  heading  and  bench,  (2)  top  heading,  and  (3)  full 
face.  This  type  is  especially  applicable  to  circular  and  high  sided 
tunnel  sections  where  only  a  light  roof  support  is  needed.  The  rib, 
wall  plate  and  post  type  (Figure  9.13)  is  used  with  the  following  meth¬ 
ods  of  attack:  (1)  heading  and  bench  and  top  heading  -  for  quick  sup¬ 
port  to  roof,  (2)  side  drift  -  in  large  tunnels  with  bad  rock  conditions 
requiring  quick  support,  and  (3)  full  face  -  for  favorable  rock  where 
support  is  not  needed  tight  to  the  face,  for  tunnels  whose  roof  makes 
an  angle  with  the  side  wall,  and  where  post  and  rib  spacing  differ. 

The  full  circle  rib  type  (Figure  9.14)  is  used  with  the  following 
methods  of  attack:  (1)  full  face  -  in  tunnels  in  squeezing,  swelling 
and  crushed  rock,  or  any  rock  that  imposes  considerable  side  pressure, 
also  where  bottom  conditions  sake  it  impossible  to  carry  roof  loads 
on  foot  blocks,  and  in  earth  tunnel  conditions  sometimes  encountered 
in  rock  tunnels;  (2)  heading  and  bench  -  under  earth  tunnel  conditions 
with  Joints  at  spring  lino.  The  invert  strut  (Figure  9.15)  is  used 
where  mild  side  pressures  are  encountered,  and  also  to  prevent  the 
bottom  from  heaving.  A  full  circle  with  ribs  closely  spaced  (Figure 
9.16)  is  heavily  lagged  for  heavy  loads  associated  with  squeezing  con¬ 
ditions. 

For  a  yielding  lining  for  swelling  rock  (Figure  9.17)  the  squeeze 
is  allowed  to  exhaust  itself  before  placing  the  permanent  lining,  and 
the  full  circle  type  of  steel  support  is  used.  The  ribs  are  at  wide 
spacing  to  permit  the  ground  to  extrude  into  the  tunnel  between  them. 

Crush  lattices  of  white  pine  are  placed  in  the  rib  joints  to  permit 
shortening  of  the  ribs  to  soften  the  ground.  The  ribs  may  be  divided 
into  any  reasonable  number,  of  segments  (3  shov/n  in  Figure  9.17)  to  pro¬ 
vide  the  desired  amount  of  shortening.  When  liner  plates  begin  to  buckle 
inward,  they  should  be  unbolted  and  allowed  to  rest  on  inner  flanges  of 
ribs  above  the  spring  line  to  protect  from  falls.  Below  the  spring  line 
they  may  be  taken  out  permanently. 

It  is  necessary  to  establish  uniform  contact  between  rib  and  rock 
to  insure  uniform  loading  of  the  ribs.  Hence,  a  light  gauge  line  plate 
lagging  Is  used  for  erection  and  graveling  purposes.  The  light  liner 
plates  offer  little  resistance  to  the  squeezing  ground  and  are  removed 
as  soon  as  distortion  indicates  the  ground  is  being  extruded  between 
the  ribs. 


DETAIL  OF  CRUSH  LATTICE 


Figure  9*17.  Yielding  lining  for  swelling  rock. 
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The  pressures  created  on  support  members  by  squeezing  and  swelling 
ground  approximate  a  hydrostatic  field  in  plastic  material  and  also  re¬ 
present  sons  aspects  of  the  critical  stress  conditions  which  would  be 
imposed  by  the  transients  from  a  blast  induced  stress  wave.  It  has  been 
found  that  if  swelling  or  squeezing  ground  is  encountered  it  is  highly 
desirable  to  convert  the  external  cross-section  of  a  tunnel  to  a  full 
circle  even  if  it  means  enlarging  considerably  to  maintain  the  necessary 
internal  clearances.  Under  squeezing  conditions  the  steel  ribs  act  as 
rings  and  are  subject  only  to  radial  thrust  without  bending,  thereby 
utilizing  the  greatest  resistance  per  unit  weight  of  steel.  (Figures 
9.16  and  9.17.) . 

One  of  the  practices  employed  in  swelling  ground  is  to  install 
full  circle  ribs  at  a  wide  spacing  of  about  4  feet  and  let  the  ground 
squeeze  between  the  ribs  until  it  reaches  equilibrium.  This  method  can 
be  used  in  those  cases  whore  the  strength  of  the  rock  is  low  enough  to 
"flow"  around  the  ribs  without  overstressing  them  (Figure  9.15). 

2 

Static  Load  Assumptions.  According  to  Proctor,  et  al.,  a  large 
portion  of  the  overburden  pressure  is  sustained  by  a  rock  or  ground 
arch,  which  is  assumed  lo  develop  under  static  conditions  as  a  tunnel 
is  excavated.  The  thickness  of  Lhe  effective  arch  varies  with  the  type 
of  overburden,  the  size  and  depth  of  the  tunnel,  method  of  excavation 
and  the  amount  of  support  that  is  provided  in  the  opening.  An  arch  pro¬ 
vides  a  natural  shape  for  a  tunnel  roof  and  the  design  problem  becomes 
one  of  providing  «  support  system  in  stabilize  the  "keystone"  of  the  arch. 
The  arch  rib  is  wedged  against  the  rock  and  Lhe  procedure  for  its  design 
is  different  from  that  of  a  free  arch  rib. 

That  is,  in  the  open,  the  shape  of  the  arch  is  adjusted  to  follow 
the  thrust  line  from  known  loads,  while  underground  the  rib  must  follow 
the  shape  of  Lhe  tunnel  cross  section  and  may  depart  widely  from  a 
thrust  line  determined  by  the  assumed  act i vo  loads .  However,  the  thrust 
line  can  he  made  to  follow  Lhe  required  arch  contour,  because  the  pass ive 
res  is  Lance  of  the  rock  resists  forces  Lending  to  displace  It.  When  the 
arch  is  properly  blocked  this  passive  loroo  prevents  the  rib  from  changing 
shape , 

Act i Vi’  loads  are  defined  as  those  which  tend  Lo  move  or  distort  the 
ri.b,  and  are  due  to  the  weight  <>f  loose  rock. 

The  rock  load  may  closely  approximate  a  uniform  load  if  a  tight, 
back-packed  lagging  is  provided.  However,  in  most  cases  the  rock  force 
is  transferred  to  the  ribs  by  a  number  of  blocks  inserted  between  the 
rib  and  the  rock  at  blocking  points.  The  force  at  the  blocks  are  neg¬ 
lected  and  lhe  active  loads,  usually  vertical,  may  be  resolved  into  two 
components,  one  of  which  is  raiWal  and  is  Lhe  only  one  considered. 

the  first  step  in  design  is  Lo  assume  a  type  of  active  load  and  to 
apportion  it  among  the  blocks.  It  is  also  assumed  that  the  steel  will 
carry  a  certain  an  h  thickness  of  the  rock  above  the  tunnel  and  that  this 
weight  of  rock  imposes  a  uniform  vertical  active  load  on  the  rib.  If  the 
load  is  not  imifonn  Lhe  acLive  force  at  some  one  blocking  point',  will 
determine  the  thrust  in  the  rib,  which  causes  the  rib  to  press  against 
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The  rock  at  all  other  blocking  points  with  a  force  greater  than  the 
active  rock  forces  at  these  points.  Thus,  in  this  case  it  is  reasoned 
that  the  rib  is  actually  proportioned  for  a  single  concentrated  load  on 
one  block  and  all  other  loads  can  be  neglected  when  this  is  found. 

The  point  of  maximum  thrust  is  not  predictable,  however,  and  a  uni-* 
form  load  is  assumed  equal  to  the  weight  of  an  inverted  V  or  U  of  rock 
whose  depth  is  one-half  the  width  of  the  tunnel  and  whose  length  along 
the  tunnel  is  equal  to  the  width.  Figures  9.18  to  9.21  illustrate 
various  types  of  load  assumptions.  It  will  be  noted  that  the  sum  of 
the  active  and  passive  forces  which  act  on  one  blocking  point  (total 
length  of  arrow  represents  pressure  in  blocking  point)  is  the  same  on 
all  diagrams.  Since  the  total  external  forces  are  the  same  in  each 
case  the  internal  stresses  in  the  ribs  for  each  type  of  loading  are 
identical.  In  Figure  9.18  on  the  left  is  a  uniform  load  distribution 
in  which  the  shaded  areas  represent  the  rock  which  produces  the  loading. 

The  height  of  the  supported  rock  mass  is  Hp  the  thin  portions  of  the 
arrows  representing  active  forces  exerted  on  the  rib  and  the  wider  por¬ 
tions  the  passive  resistant  forces.  The  right  side  represents  a  trian¬ 
gular  loading  based  on  a  45°  break  line  which  imposes  the  same  total 
force  on  the  ribs  although  the  active  and  passive  forces  exist  in  dif¬ 
ferent  proportions. 

Where  there  is  a  single  active  blocking  point  such  as  that  shown  at 
A  in  Figure  9.19  which  is  the  same  as  the  force  at  A  in  Figure  9.18,  it 
is  seen  that  the  total  force  distribution  is  the  same  although  the  other 
forces  are  all  passive.  Figures  9.20  and  9.21  show  other  types  of 
active  loading  conditions  which  may  be  made  to  similate  uniform  loading 
by  controlling  the  amount  of  total  active  plus  passive  force  exerted  on 
each  block.  That  is,  by  proper  blocking  the  effective  load  is  kept  uni¬ 
form  providing  the  rib  is  not  distorted. 

2 

Forces  and  Stresses  in  Blocked  Ribs 

If  the  blocking  points  on  a  rib  are  too  widely  spaced  bending  stresses 
as  well  as  thrusts  are  induced,  which  reduces  the  load  carrying  capacity 
of  the  rib.  The  bending  moment  varies  as  the  square  of  the  block  spacing. 

In  design  a  layout  is  first  made  of  one-half  of  a  rib  set.  Blocking 
points  are  required  close  to  the  crown  Joint  and  one  at  the  spring  line 
or  the  junction  between  the  arch  and  leg  if  the  leg  is  battered.  The 
intermediate  blocking  points  are  spaced  according  to  the  condition  of 
the  rock.  The  more  firm  the  rock  the  greater  the  spacing  can  be.  Be¬ 
cause  of  irregularities  in  the  rock  surface  a  blocking  point  can  be 
established  only  where  suitable  rock  surface  is  available.  Hence,  block 
spacing  will  deviate  widely  from  a  given  average. 

Spacing  of  blocking  points  is  governed  by  the  following: 

a.  Cost  of  blocking  varies  with  number  of  blocks  required,  but 
enough  blocks  should  be  placed,  even  against  firm  ground,  to  support 
the  rib  and  give  proper  stress  distribution. 
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Figure  9.17a.  Over-mining  in  stiff  swelling  ground  to  induce 
softening.  The  ground  is  allowed  to  squeeze  to  soften  It.  Slots 
may  be  excavated  beyond  the  ribs  in  harder  ground.  This  is  repeated 
until  the  squeeze  has  run  its  course  before  concreting. 


Uniform  load  assumption  Triongulor  load  assumption 

Figure  9.18. 


The  total  combined  active  and  passive  forces  at  corresponding 
blocking  points  are  the  same  in  each  loading  assumption. 


Figure  9.19.  Concentrated  load  assumption.  A  concen¬ 
trated  active  load  at  one  blocking  point  induces  passive 
forces  at  all  the  other  blocking  points.  If  the  load  at 
A  is  equal  to  the  load  at  A  in  Figure  9.1a,  forces  at  ail 
the  other  blocking  points  are  the  same  as  in  Figure  9.18, 


Figure  9.20.  Oblique  load  assumption.  When  loads  act  obliquely 
they  set  up  forces  at  the  blocking  points  in  the  same  manner  as 
uniform  vertical  loads.  The  figure  shows  an  assumption  wherein 
the  load  is  acting  at  45°  to  the  vertical.  Such  a  condition  might 
occur  where  the  strata  are  inclined  steeply  or  where  a  fault  occurs 
at  one  side  of  the  roof.  Total  forces  set  up  at  the  blocking  points 
are  the  same  as  for  the  uniform  load  assumption  shown  in  Figure  9,18 


Figure  9.21.  Where  it  is  possible  to  apply  the  exact 
amount  of  active  load  to  each  blocking  point  to  balance 
all  forces,  the  loading  diagram  could  be  assumed  as  in 
this  figure.  All  active  forces  are  equal  to  the  combined 
active  and  passive  forces  on  the  uniform  load  assumption, 
Figure  9.18. 
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b.  For  a  given  shape  of  rib  and  rock  load  the  bending  moments  in¬ 
crease  with  increased  spacing  between  blocks.  The  size  of  arc  between 
blocks,  and  hence  the  bending  moment,  increases  as  the  square  of  the 
distance  between  blocking  points.  The  influence  of  rib  spacing  is  indi¬ 
cated  in  Figure  9.22.  (See  Appendix  9 -A  for  computations.)  The  re¬ 
duction  of  stress  for  D  (Figure  9.22)  as  compared  to  A  is  due  to  de¬ 
creased  spacing.  The  dimensions  of  the  rib  itself  must  be  chosen  on  the 
basis  of  the  greatest  possible  load  effects.  Therefore  design  is  based 
on  maximum  tolerable  spacing.  Tables  9-B.l  and  9-B.2,  Appendix  S-B,  are 
used  as  guides  in  block  spacing  for  static  loading. 

Blocking  Points.  Each  block  transfers  part  of  the  rock  load  to  the 
rib,  and  the  method  of  allocating  the  load  is  illustrated  in  Figure  9-A.l 
in  Appendix  9-A.  The  center  of  contact  between  the  block  and  the  rock 
surface  is  around  the  overbreak  block  point.  Blocks  transmit  little  or 
r,o  shear  and  are  oriented  normal  to  a  line  tangent  to  the  rib  at  the 
point  of  contact  (Figure  9.23).  The  inner  pin  is  assumed  to  be  the  neu¬ 
tral  axis  of  the  rib  and  is  termed  the  neutral  axis  blocking  point. 

When  a  rib  is  installed  there  is  no  active  rock  force,  otherwise  a 
section  of  the  rock  would  have  fallen.  It  is  postulated,  therefore,  that 
the  rock  load  is  supported  by  arch  action  of  the  rock,  or  by  crown  bars 
or  temporary  posts.  Wedging  of  the  block  pre-stresses  the  rib  and  it  in 
turn  exerts  an  active  force  against  the  rock  at  each  overbreak  blocking 
point,  represented  by  Fr  in  Figure  9.24a.  The  dash-dot  lines  represent 
Li i e  ovetbreak  line  and  the  small  circles  the  overbreak  blocking  poinL. 

The  rock  resists  by  a  passive  force  F  ,  which  establishes  equilibrium. 

As  temporary  posts  are  removed  or  further  excavation  takes  place,  the 
rib  begins  to  support  the  weight  of  the  rock  W,  which  acts  in  a  vertical 
direction  on  the  overbreak  block  point  (Figure  9.24b).  F  hypothetically 
rotates  and  changes  magnitude  and  direction  as  W  increases  until  it  may 
reach  a  maximum  position  tangent  to  the  overbreak  line. 

Further  increase  in  W  changes  part  of  the  force  Fr  from  active  to 
passive.  The  rib  no  longer  tends  to  displace  the  rock,  but  the  rock  de¬ 
forms  the  rib  which  must  exert  a  greater  force  to  maintain  equilibrium. 

In  practice  blocks  should  be  wedged  tightly  sc  that  Fr  can  never  become 
pass ivc . 

Values  of  W  are  assigned  from  assumptions  of  active  vertical  loads. 
Ideally,  it  was  assumed  (Figure  9.18)  that  each  block  carried  a  rock 
load  bounded  by  four  vertical  planes,  and  this  prism  Js  referred  to  as 
the  active  prism.  An  upper  limiting  value  of  F^.  of  the  required  rib 
force  is  obtained  by  assuming  that  the  vertical  sides  of  the  active  prism 
are  frictionless.  Based  on  this  assumption  the  passive  force  F  must  act 
in  a  horizontal  direction  and  the  magnitude  of  the  radial  force  F  maxi¬ 
mum  is  obtained  by  means  of  the  force  parallelogram  in  Figure  9.24f. 

The  lower  limiting  value  of  Fr  minimum  is  obtained  by  assuming  that  Fp 
acts  tangent  to  the  overbreak  line  (Figure  9.24g).  The  real  value  of 
Fr  is  somewhere  between  these  two  limits,  depending  upon  the  location  of 
the  real  joints  (fractures)  in  the  rocks.  It  must  also  be  recognized  that 
real  joints  are  not  planes,  and  are  seats  of  friction  and  interlock.  Thus, 
it  may  be  assumed  that  the  adjacent  rock  can  react  on  the  active  prism 
with  a  force  applied  at  some  angle,  the  vertical  component  of  which  la 
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The  rock  begins  to  develop 
weight.  It  exerts  an  active  ver¬ 
tical  force  W  on  to  the  block. 

The  resultant  of  the  two  active 

equal 
F, 


forces  W  and  Fr  induces  an 
and  opposite  passive  force 
W 


'P* 


w 
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The  active  force  Fr  exerted 
the  prestressed  rib  is  net  by 
an  equal  and  opposite  passive 
force  F_  induced  in  the  rock. 


The  active  rock  force  W 
Increases.  Since  the  re¬ 
sultant  of  W  and  F  induces 
an  equal  and  opposite  pass¬ 
ive  force,  Fp,  the  magnitude 
of  Fp  changes  and  its  direc¬ 
tion  passes  through  the 
horizontal. 


Figure  9.24.  Forces  acting  at  overbreak  blocking 
point.  w 
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With  Increasing  active  rock  force  W, 
the  direction  of  Fp  ultimately  becomes 
parallel  to  the  tangent.  This  is  as 
far  SB  it  can  rotate  as  the  rock  can¬ 
not  supply  a  force  whose  line  of 
action  lies  outside  the  rock. 


With  further  increases  of  the  ac¬ 
tive  rock  force  W  and  the  direction 
of  passive  force  Fp  fixed,  Fr  la 
not  of  sufficient  magnitude  to 
maintain  the  equilibrium.  The  blocking 
point  then  moves  slightly  toward  the  rib 
until  the  rib  by  deflecting  slightly  cap 
mobilize  a  great  enough  Force  Fr  to  es¬ 
tablish  equilibrium. 
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equal  to  the  friction.  The  value  for  this  angle  is  arbitrarily  chosen 
as  25°  from  the  horizontal  (Figure  9.24b) „  The  significance  of  this 
choice  is  that  the  active  vertical  force  W  increases  from  zero,  while  the 
active  rib  force  Fr  is  "mobilized"  by  prestressing,  remaining  constant 
in  value.  The  direction  of  the  passive  force  F  can  rotate  until  it  reaches 
the  tangent  line  or  the  imposed  limit  of  25°  below  the  horizontal.  With 
a  further  increase  in  W  the  value  of  F  ,  which  is  due  to  the  elastic  defor¬ 
mation  of  the  rib  caused  by  initial  wedging,  is  no  longer  of  sufficient 
magnitude  to  maintain  equilibrium.  This  in  turn  results  in  an  increase 
in  Fr  due  to  deformation  of  the  rib,  indicated  by  the  heavy  portion  of 
the  arrow  Fr  in  Figure  9.24h.  For  semi-circular  arches  with  the  load 
assigned  as  shown  in  Figure  9.18  the  slope  angle  of  F  does  not  exceed 
25°.  P 


Transfer  of  Forces.  The  scheme  is  shown  for  the  neutral  axis  of 
one-half  of  a  semi-circular  rib  with  four  blocking  points  and  the  center 
lines  of  the  "pin-connected  links"  which  transfer  the  loads.  Blocks  2 
to  4  are  acted  on  by  vertical  forces  W,  which  are  resolved  into  two  compo¬ 
nents  Ft,  and  are  neutralized  by  the  passive  forces  Fp  within  the  rock. 
Hence,  only  the  normal  forces  are  transmitted  to  the  steel  rib.  (Figure 
9.25).  The  assumption  of  pin  joints  means  that  there  are  no  bending 
momenta  at  the  blocking  points  and  the  thrust  acts  in  the  direction  of 
a  straight  line  interconnecting  adjacent  blocking  points. 

Force  and  Stress  Computation.  Graphical  representation  of  the  thrust 
can  be  carried  out  with  a  polygon  of  forces  treating  the  blocking  points 
as  panel  points.  Design  procedures  require  the  construction  ot  a  loading 
diagram  and  a  force  polygon,  utilizing  whatever  passive  force  is  required 
at  each  blocking  point  to  establish  equilibrium.  The  thrusts  represented 
by  the  rays  of  the  polygon  act  in  the  direction  of  the  straight  line  con¬ 
necting  two  adjacent  blocking  points.  If  the  rib  were  made  of  straight 
sections  the  bending  moment  due  to  curvature  would  be  eliminated. 

The  maximum  bending  moment  M  between  blocking  points  is  equal  to  the 
product  of  the  thrust  T  and  the  rise  h  of  the  arc  between  them: 


M  =  Th  (9.1) 

Since  the  ribs  are  continuous  there  is  a  moment  Mb  at  these  points  op¬ 
posite  to  the  thrust  moment.  Equilibrium  requires  that  the  moment  M,^ 
at  the  midpoint  between  blocks  be  approximately  equal  to  the  difference 
between  the  moment  Mt  and  the  average  at  the  blocking  points: 

%  ^  Mt  -  Mb  (9.2) 


The  bending  moments  may  be  computed  by  the  theory  of  curved  bars, 
and  the  distribution  of  moments  over  the  full  arch  is  similar  to  that 
over  a  uniform,  continuous  beam.  Mnl  is  the  maximum  bending  moment 
between  supports  and  at  the  supports.  This  gives  an  approximate 
maximum  bending  moment  of 

M  =  M,  =  0.67  M  -  0.67  Th  (9.3) 

max  1?  t 

for  a  continuous  beam  fixed  at  both  ends. 
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Figure  9,25.  Resolution  of  forces  at  overbreak  blocking 
points.  The  assumed  active  vertical  force  W  at  each 
blocking  point  is  resolved  into  two  components,  a  radial 
load  force  F  and  a  component  force  Ft,  acting  at  25°  to 
the  horizontal  or  at  the  slope  angle  of  the  tangent, 
whichever  is  smaller.  The  force  Fj  induces  an  equal  and 
opposite  passive  force  Fp  in  the  rock  which  can  be  of 
any  required  magnitude.  Hence  Ft  is  disregarded.  The 
radial  load  force  F  either  induces  or  opposes  the  rib 
force  (Fr  in  Figure  9.24a)  exerted  through  the  block, 


Figure  9.26.  Action  of  forces  at  blocking  point  3  (Figure  9»25}t 
The  rib  force  Fr  is  the  resultant  of  the  two  thruft  forces  T.  It 
is  transmitted  radially  by  the  block  to  the  rock  where  It  is  mot 
by  the  active  load  force  F.  This  in  turn  is  the  radial  component 
of  the  active  vertical  load  force  W.  If  F  is  leas  than  the  rib 
force  Fr,  the  rock  mobilizes  additional  passive  force  by  changing 
the  direction  and  magnitude  of  passive  force  Fp  so  that  the  raoult- 
ant  of  Fp  and  W  is  equal  to  Fr. 


Figure  9.27.  Deflection  of  leg. 
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If  the  rib  is  hinged  the  maximum  is  at  the  blocking  point  nearest 
the  hinge  and  is  equal  to 

M  =  M.  =  0.86  M  =  0.86  Th  (9.4) 

max  d  t 

This  equation  holds  if  the  space  between  intermediate  blocking  points  is 
less  than  that  between  a  hinge  and  adjacent  blocking  point.  The  maximum 
fibre  stress  is  equal  to  the  sum  of  the  compressive  stress  due  to  thrust 
and  that  due  to  bending. 

The  straight  leg  of  a  continuous  rib  consists  of  a  slender  column 
acted  upon  by  the  arch  thrust  and  bending  moment  at  the  spring  line.  If 
the  leg  is  rigid  the  moment  may  be  approximated  by 

=  0.67  M  (9.5) 

Due  to  the  vertical  thrust  R  and  the  deflection  d2  the  total  moment 
in  the  leg  is  (Figure  9.27):  y 

M,  =  (1.0  -  0.422)  x  0.67  M  +  Td2  (9.6) 

or  s inee  ' 

Mt  =  Th 

Mc  =  0.38  Th  +  Td2  (9.7) 

If  there  is  side  pressure  on  the  leg  in  addition  to  the  arch  forces, 
it  is  recommended  that  full  circle  ribs  be  used. 

Examples  of  computations  for  the  above  theory  are  given  in  Appendix 
9-A,  taken  directly  from  Proctor  . 


Evaluation  of  Proctor's  Method 


The  above  method  has  several  obvious  weaknesses.  The  first  is  con¬ 
cerned  with  the  assumptions  about  load  distribution  and  magnitude.  These 
are  highly  idealized  particularly  the  picture  of  frictionless  prisms  of 
rock  above  the  arch.  The  height  of  the  "rock  arch"  supported  must  also 
be  a  pure  guess  in  most  cases.  Nevertheless,  in  spite  of  its  weaknesses, 
the  above  method  does  represent  a  rational  approach  to  a  difficult  problem. 


Based  upon  experience  with  this  type  of  tunnel  support,  the  type  of 
support  that  would  give  maximum  stability  for  underground  protective 
openings  is  a  full  circle  rib. 


Yielding  Arches.  Yielding  steel  arches  of  several  types  have  been 
employed  J  in  Europe  and  England  for  support  in  roadways  subject  to  col¬ 
lapse.  Cuncliffe  reports  field  tests  of  three  types  of  arches  of  which 
the  Tousssnt.-Heintzmann  arch  appeared  to  function  most  satisfactorily, 
although  the  tests  were  not  conclusive.  The  loads  to  which  these  arches 
were  subjected  caused  vertical  displacements  of  more  than  20  inches. 


The  principle  of  the  arch  is  shown  in  Figure  9.28  on  the  basis  of 
an  American  design  by  Commercial  Shearing  and  Stamping  Company  .  The 
yieldable  arches  under  normal  usage  are  installed  in  underground  openings 
as  ground  is  removed,  They  are  employed  to  support  loads  caused  by 


BEFORE  YIELDING 


AFTER  YIELDING 


Figure  9.28.  Principle  of  yie.ldable  arch 
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changing  ground  movement  or  faulted  and  fractured  rock.  Arches  are  made 
of  segments  having  Identical  cross  section  and  a  curvature  of  radius  of 
Rx .  They  nest  and  overlap  at  the  joints  by  a  length  Oi.  When  the  ground 
load  exceeds  the  design  load  of  the  arch  as  installed,  yielding  takes 
place  at  the  joint  until  the  overlap  is  0S  and  the  radius  of  curvature 
shorten  to  R2.  During  yielding,  It:  is  postulated  that  the  overburden 
settles  Into  a  natural  arch  of  its  own,  thus  tending  to  bring  all  forceB 
into  equilibrium,  the  shortened  arch  having  increased  strengtn.  The 
clamps  are  designed  to  slide  along  the  arch  members  as  the  load  increases 
beyond  a  certain  critical  design  value.  Types  of  yieldable  connections 
are  shown  in  Figure  9.29,  and  various  types  of  arches  for  different 
ground  pressures  in  Figure  9.30.  It  is  suggested  that  the  arch  is  stronger 
after  it  yields  than  before  because  of  increased  joint  overlap. 

3 

The  results  of  tests  referred  to  above  indicated  by  strata  dynamo¬ 
meter  that  the  strata  pressures  were  in  the  range  of  1000  to  1300  pai. 

Some  measurements  indicated  that  the  pressures  might  have  reached  values 
as  high  as  1900  psi.  Under  these  pressures  all  types  of  yieldable  arches 
collapsed,  but  the  T-H  type  named  above  appeared  to  have  more  resistance 
and  to  yield  in  the  manner  for  which  it  was  designed. 

The  principle  of  the  yieldable  arch,  whether  it  possesses  constant 
friction  resistance  or  critically  damped  resistance  of  some  type,  appears 
to  offer  possibilities  for  support  of  underground  protective  installations. 
Portions  of  such  installations  subject  to  near  detonations,  particularly 
access  openings,  and  also  deep  seated  areas  in  fractured  rock,  would  re¬ 
quire  stabilizing  support  to  guarantee  survival.  This  would  vary  from  pre¬ 
vention  or  reduction  of  complete  collapse  to  protection  from  spalling  or 
simple  dropping  of  large  fragments  from  the  roof  and  walls.  In  view  of 
the  fact  that  the  direction  of  maximum  pressure  and  the  consequent  location 
of  critical  stresses  cannot  be  predicted,  a  complete  circular  ring  would 
offer  the  most  insurance  of  survival  because  of  its  greater  structural 
stability  under  load. 


Rock  Bolts 


A  quantitative^descr iption  of  the  engineering  function  of  rock  bolts 
is  given  by  Schmuck  .  The  process  of  rock  bblting  consists  of  three 
steps,  (1)  anchoring  the  bolt  in  the  hole,  (2)  applying  tension  to  the 
bolt  to  place  the  rock  under  compression  parallel  to  the  bolt,  and  (3) 
placing  the  bolts  in  such  a  pattern  that  they  will  properly  support  the 
rock  structure.  The  basic  principle  of  bolting  is  that  it  should  make 
the  bolted  rock  an  integral  part  of  supporting  structure.  One  excep¬ 
tion  is  where  lulls  are  employed  for  simple  suspension. 

Rock  nay  be  supported  by  bolts  in  five  ways: 

1.  Suspension 

2 .  Beam  building 

3.  Reinforcement  of  arched  opening  requiring  support 

4.  Reinforcement  of  an  opening  otherwise  self  supporting 

3.  Reinforcement  of  walls  against  shear  and  compressive  action 
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SP  OP  OP  OP 


Symmetrical  3  segment  arch  with  leg 
segments  toed  In.  Used  for  predom¬ 
inantly  vertirnl  ground  pressures. 


6P  OP 


OP  OP 


Symmetrical  3  segment  arch  with  leg 
segments  toed  out.  Used  to  resist 
vertical  as  well  es  lateral  ground 
pressures . 


Symmetrical  2  segment  arch.  Rapid 
assembly  characteristics.  Used  for 
moderate  ground  pressures. 


GP  OP 


Symmetrical  4  segment  arch  for  special 
ground  pressure  patterns.  Used  in  large 
sited  opening*  to  facilitate  handling. 


Non- symmetrical  3  segment  arch. 
Overlap  located  in  plane  at  right 
angle  to  predominant  direction  of 
ground  pressures. 


OP 


Symmetrical  4  segment  ring  to 
resist  ground  pressures  from  all 
directions.  Rings  can  consist 
of  3  or  more  segments  depending 
on  diameter. 


Figure  9.30.  Typical  yieldable  arch  shapes 
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Suspension.  This  category  includes  those  cases  where  bolts  are 
employed  to  secure  fragments  or  sections  of  rock  which  are  loose  and 
subject  to  dropping  out  of  place.  Small  slabs  or  fragments  are  usually 
barred  down  after  blasting  when  they  would  not  constitute  an  integral 
part  of  the  rock  structure  if  bolted  securely  in  place.  Also  included 
would  be  blocks  of  rock  which  are  broken  by  fracture  or  joint  patterns 
in  such  a  manner  that  they  may  subsequently  loosen  and  fall.  Schmuck 
recommends  chat  inasmuch  as  a  bolt  may  be  required  to  support  the  full 
load  of  the  rock  fragment  it  should  have  a  sufficiently  strong  anchorage 
and  overall  strength  to  provide  a  safety  factor  of  at  least  three. 

Beam  Building.  A  large  portion  of  rock  bolts  has  to  date  been  used 
in  stratified  rock.  In  flat  lying  deposits  the  bolts  are  installed  in 
bedded  rock  to  bind  the  strata  together  to  act  as  a  single  beam  capable 
of  supporting  itself  and  thus  stabilizing  the  overlying  rock.  The  bolts 
should  be  long  enough  to  form  a  "monolithic"  beam  which  will  be  self- 
supporting  and  not  be  suspended  from  the  stratum  in  which  the  bolts 
are  anchored. 

6  7  8 

Panek  ’  ’  has  made  a  detailed  analysis  of  the  effects  of  (1) 
bolt  spacing,  (2)  bolt  tension  and  (3)  beam  dimensions  by  use  of  model 
testing  and  similitude  in  evaluating  their  effects  upon  unfrsctnred 
equal  thickness  multilayered  rock  mine  roofs. 

The  notation  used  by  Panek  is  as  follows!  (Notations  at  end  of 
chapter) . 

for  model  testing  Oi.  rock  models  subject  to  gravitational  type  ^ 
body  forces,  the  method  of  centrifugal  testing  has  proven  most  useful  . 
In  order  that  results  of  model  tests  simulate  the  prototype  it  is 
necessary  to  consider  the  mathematical  relationships  which  will  accom¬ 
plish  the  extrapolation.  A  rather  rigorous  general  equation  is  set  up 
by  Panek  which,  upon  relaxation  of  some  of  the  similarity  requirements, 
becomes 


e 


x 


, KwL ,  F  ,  a.,  jb,  it? 

'  E  r  t  b  t  ; 


(9.8) 


This  equation  was  written  for  strain  because  strain  values  were  measured 
with  SR-4  gages  placed  at  suitable  positions  on  the  models.  Also  strain 
Itself  is  a  dimensionless  quantity.  The  usual  assumption  of  plane  stress 
is  included  in  the  process  of  reduction  of  the  above  equation. 

Panek's  investigation  was  concerned  with  stratified  roof  consisting 
of  beds  of  like  material  and  equal  thickness  with  no  bond  between  them. 
These  were  held  by  bolts  installed  in  straight  lines  across  the  opening, 
with  the  factor  of  suspension  el iminated  because  the  bolts  did  not  extend 
into  a  thicker  stratum  above.  It  was  assumed  that  the  behavior  of  the 
lowest  bed  approximates  that  of  a  continuous  rectangular  plate  clamped 
along  two  parallel  lines. 

This  portion  of  the  investigation  resulted  in  the  development  of 
basic  roof  bolting  design  formulae  for  the  conditions  indicated  above 
for  model  and  prototype  and  the  construction  of  a  design  chart  (Figure 
9.31)  to  determine  bolt  spacing,  tension  and  length  to  provide  a  numeri¬ 
cal  value  for  increase  of  safety  factor.  These  results  were  obtained 
partly  by  dimensional  analysis  and  partly  by  factorial  experimentation. 
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Figure  9.31.  Roof-bolting  design  chart 
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Based  upon  92  model  testa  of  over  600  strain  measurements  values 
of  exponents  and  constants  were  determined  for  the  model  equation  9.9 
which  was  found  to  have  the  following  form  for  Indiana  limestone: 
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L/16 


0.0858 


<|  -  D* 
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(9.9) 


The  standard  error  for  this  equation  was  12.4  x  10  or  18.8  percent 
of  the  average  observed  As,  ,,,,  some  of  which  was  attributed  to  instru- 
ment  drift  and  changes  in  brush-contact  resistance  In  the  centrifuge. 


Equation  9.9  should  be  applicable  to  any  prototype,  the  char¬ 
acteristics  of  which  fall  within  the  same  range  as  the  models  (Table  9.1). 


TABLE  9.1 

LIMITS  WITHIN  WHICH  RESULTS  OF  FACTORIAL  EXPERIMENT  ARE  APPLICABLE 


Maximum 

KwL/E  . 

•  • 

24  x 

10"  6 

Maximum 

L/t  . 

•  • 

64 

Maximum 

L/b  . 

•  • 

12 

Maximum 

N  . 

•  a 

12 

io-8 

Maximum 

P/EL2  . 

«t  • 

17  x 

Maximum 

h/L  (h/L=h/t  L/t) 

•  • 

3/8 

For  a  16-ft.  span 

Maximum 

span. 

L  . 

1066 

in. (89  ft.)-7 

• 

Maximum 

spacing  of  sets. 

b  . 

L/12 

16  in. 

Maximum 

bolts  per  set, 

N  . 

12 

10" 8  EL2 

12  2/ 

25,000  lb.-' 

Maximum 

bolt  tension. 

P  . 

17  x 

Maximum 

bolt  length. 

h  . 

3L/8 

72  in. 

Minimum 

bed  thickness, 

t  . 

L/64 

3  in. 

1 J  For  w  =  0.09_,  E  =  4  x  10® 
2/  For  E  «  4  x  106 


These  results  may  be  employed  to  obtain  a  relationship  for  the  safety 
factor  provided  by  rock  bolts.  By  definition 

=  Breaking  strain  for  roof  rock _  .. 

(e  )  =  bending  strain  at  rib,  unbolted  roof  '  * 

'  v  mnv  °  9 


Breaking  strain  for  roof  rock _ 

(e  )*  =  bending  strain  at  rib,  bolted  roof 

x  max  ° 


(9.11) 


From  these,  the  reinforcing  factor  RF,  due  to  bolting  is  defined  by 

KF-fr  C9.12) 

If  the  1/16  point  along  the  span  is  taken  as  representative,  the  per¬ 
centage  reduction  in  strain  is  the  same  at  all  points,  and 
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Also 


(e  ) 

RF  -  7TT1 -  (9.13) 

'  xJmax 

e'l/16  ”  eL/16  "  AeL/J.6  (9,14* 


hence 


where 


(9.15) 


(9.16) 


If  Is  noted  that  100D  Is  the  percentage  decrease  In  strain,  and 
for  material  which  obeys  Hooke's  law  also  represents  the  percentage 
decrease  in  bending  stress.  The  relationship  between  the  top  fibre 
bending  strain  and  the  stress  at  the  1/16-span  point  in  a  fixed-end 
beam  supporting  a  uniformly  distributed  load  equal  to  its  own  weight  is. 

e  =  UltM  „  0r324WLf  ( 

€L/16  E  Et  19.17) 

Substitution  in  the  previous  equations  gives 

D  -  0.265  (bLf*  NP  (£  -  1)/W  ^  (9.18) 

If  the  safety  factor  of  the  unbolted  roof  is  known,  that  for  the  bolted 
can  be  calculated.  The  above  equations  indicate  how  much  support  can 
be  provided  by  a  bolting  system,  but  not  how  much  is  required.  Also, 
the  roof  flexure  can  be  decreased  by  increasing  the  number  of  bolts  per 
set,  the  bolt  tension,  or  by  decreasing  the  spacing  of  the  sets.  An  RF 
of  two  is  proposed  as  a  minimum,  and  if  this  value  is  not  obtained  the 
value  of  the  bolting  may  be  questioned.  Solutions  to  the  design  formula 
for  w  ■>  0.09  are  given  by  the  roof  bolting  design  chart  in  Figure  9.31, 
An  example  solution  is  indicated  by  dotted  lines. 


For  an  unbolted  roof  the  following  procedure  is  suggested,  utilizing 
Figure  9.31. 

1.  Use  the  average  thickness  of  beds,  dividing  the  total  thickness 
by  the  number  of  laminae,  as  a  first  approximation. 

2.  Select  a  bolt  length  to  give  firm  rock  at  the  anchorage  horizon. 

3.  Test  bolts  for  anchorage  capacity. 

4.  Determine  number  of  bolts  so  that  spacing  is  reasonable, 

5.  Choose  a  trial  value  of  set  spacing  not  greater  than  the  bolt 
spacing  within  sets. 

6.  Construct  a-b-c-d-e-f-g  in  the  design  chart. 

7.  If  the  RF  is  less  than  2,  (a)  decrease  set  spacing,  and/or  roof 
span,  and/or  (b)  increase  the  number  of  bolts  per  set  and/or  the  bolt 
length. 
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One  basic  difference  between  laminated  beams  and  a  solid  beam  of 
the  same  overall  depth  is  the  difference  in  shear  stress  distribution 
and  its  effect  upon  the  principal  stresses.  A  solid  beam  may  support 
shear  stresses  anywhere  in  its  interior,  while  laminated  beams  will  only 
be  able  to  support  shear  at  the  interfaces  which  are  proportional  to  the 
friction  between  the  laminae.  Tests  by  Panek®  indicate  that  the  rack 
bolts  do  not  resist  distortion  of  the  individual  beds  by  shear  in  the 
bolts  normal  to  their  axes. 


The  strengthening  of  bedded  structures  by  rock  bolts  may  be  deter¬ 
mined  by  comparing  the  stresses  in  a  single  layer  beam  equal  in  depth 
to  a  composite  beam  of  several  beds  where  there  is  no  friction  between 
layers  and  no  layer  loads  the  one  above  or  below  it.  It  has  been  shown 
by  Clark  and  Caudle1  that  the  stresses  in  a  simply  restrained  beam 
loaded  by  its  own  weight  can  be  approximated  by  a  uniformly  loaded  beam. 
(See  Chapter  VI).  The  coordinate  system  is  chosen  with  the  zero  of  the 
x-axis  at  the  left  end  of  the  beam  and  y  is  positive  downward.  The  max¬ 
imum  values  of  the  shearing  and  bending  stress  occur  at  the  ends  of  the 
beam  (Figure  9,32)  and  have  the  following  values: 

<ax)  max  -  ^  (9.19) 

(-rxy)max=^i  (9.20) 


When  the  span,  weight,  and  strength  are  critical  Lhe  beam  will  fail 
along  the  cracks  T,  the  beam  becomes  essentially  a  simply  supported  beam 
where  maximum  stress  is  transferred  to  the  bottom  fibre  at  midspan  and 
would  have  a  value  of  wLE/t  or  twice  that  which  causes  failure  at  the 
ends  but  causes  failure  at  T'  when  the  stress  reaches  a  value  of  wL2/2t. 


Horizontal  and  vertical  displacements  of  beam  sections  for  solid 
and  laminated  beams  are  shown  in  Figure  9.33.  The  vertical  displacement 
at  midspan  is  given  by 
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(9.21) 


The  central  and  end  cross  sections  remains  vertical,  but  the  remainder 
rotate  about  points  on  their  neutral  axes. 


A  comparison  of  the  stress  condition  of  a  four  member  beam  with  a 
single  member  beam.  Equation  9.21,  shows  that  for  beams  of  equal  density 
and  elastic  modulus  the  maximum  stress  is  four  times  as  great  for  each 
member  of  the  layered  beam.  If  roof  bolts  could  be  made  to  create  an 
effective  thickness  of  the  f ourrmember  beam  equal  to  that  of  the  single- 
member  beam,  the  two  would  have  equal  strength.  This  would  require, 
among  other  factors,  that  the  bolts  create  sufficient  friction  between 
layers  to  resist  any  horizontal  shearing  forces  which  might  exist  in 
the  monolithic  beam. 


While  being  subject  to  four  Limes  as  much  stress,  the  maximum  de¬ 
flection  of  a  single  thin  beam  is  16  times  as  great  as  that  of  a  thick 
beam.  The  deflection  can  be  reduced  by  mine  prop  support  or  by  bolt 
suspension  from  a  thicker  overlying  bed.  For  "beam  building”  the  func¬ 
tion  of  the  bolts  is  only  to  increase  friction  between  layers  to  resist 
shear . 


Figure  9.32.  (a)  Grovit.'-luaded  beam.  (b)  Bending  and 

shearing  stresses  on  section  2-Z' .  (c)  Distribution  of 

outer-fiber  bending  stress  and  middle-surface  shearing 
stress  across  the  span,  (d)  Stresses  acting  on  element 
at  A.  Failure  in  flexure  by  tension  cracks,  X,  T1. 
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Figure  9.33.  Flexure  of  gravity- loaded  beams,  (a)  Plane  cross  sec¬ 
tions  of  a  beam  before  flexure,  (b)  Plane  cross  sections  after  flex¬ 
ure.  showing  directions  of  horizontal  displacement,  (c)  Horizontal 
displacements  of  poinls  on  the  upper  and  lower  surfaces,  (d)  Flexure 
of  a  series  of  gravity- loaded  beams,  showing  bedd ing -plane  slip.  (e) 
Distribution  of  shearing  stress  through  sections  Z-Z',  comparing 
single  beam  to  series  of  beams. 
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A  series  of  tests  using  models  of  Indiana  limestone  was  made  in 
a  centrifuge,  creating  comparable  stresses  to  those  in  prototypes  by 
placing  the  models  in  a  high  magnitude  gravitational  (centrifugal)  field. 
The  results  indicated  that  a  single  layered  bolted  beam  was  not  affected 
by  the  presence  of  the  bolts.  Similarly,  multi-layered  beams  with  bolts 
with  no  tension  were  not  strengthened.  The  factors  which  contributed  to 
strengthening  were  found  to  be  the  spacing  and  number  of  bolts  and  their 
tension.  The  results  of  model  tests  are  shown  in  Figures  9.34  to  9.36 
There  was  found  to  be  no  single  neutral  axis  for  any  of  the  layered 
bolted  beams,  and  they  would  approximate  a  single  thick  beam  only  at  low 
loads  or  short  spans. 

The  results  of  these  tests  indicated  the  necessity  of  proper  bolt 
tension,  proper  spacing  and  a  sufficient  number  of  bolts.  Even  though 
some  bolt  configurations  are  preferable,  patterns  are  not  critical,  al¬ 
though  bolts  should  be  installed  as  close  to  the  working  face  as  possible. 

Reinforcement  of  Openings.  Methods  3  to  5  (concerning  rock 

supported  by  bolts)  may  be  considered  collectively.  Reinforcement  of 
the  skin  area  of  an  opening  arises  from  two  causes:  (1)  stresses  in  the 
rock  (rocks  are  very  weak  in  tension)  and  (2)  the  irregular  Bhape  of 
openings  and  fracturing  caused  by  conventional  excavation  methods.  If 
rock  has  enough  so  that  it  will  support  the  loads  on  it  and  it  were 
possible  to  blast  exactly  to  the  line  "A"  (Figure  9.37)  no  artificial 
support  would  be  required.  Because  of  irregularities  and  fracturing  the 
actual  arch  must  be  considered  to  be  outside  of  the  overbreak  line  "B" 
and  the  rock  between  "A"  and  "B"  must  be  supported,  usually  by  bolts 
whose  length  is  twice  the  depth  AJB. 

Stress  outside  of  the  fractured  rock  diminishes  rapidly  until  at 
one  or  two  times  the  greatest  cross-sectional  dimension  it  approaches 
the  value  of  the  free  field.  (See  Chapter  VI),  Hence,  it  has  been 
found  in  large  bore  tunnels  that  rods  of  6  to  8  feet  in  length  are 
adequate  to  anchor  any  loose  ground  at  the  surface  of  the  opening. 

Wherever  sloughing  or  spalling  occurs  in  an  opening  due  either  to  ex¬ 
cessive  skin  stress  or  to  weathering,  bolting  has  had  a  definite  value 
in  compacting  and  reinforcing  this  skin  area. 

Thomas^  reports  that  in  certain  mines  rock  bolts  are  used  to  com¬ 
bat  rock  bursts.  This  is  done  by  two  means: 

1.  Compacting  the  skin  areas  of  arched  openings  and  attempting  to 
supply  enough  additional  reinforcement  so  that  the  opening  itself  is  not 
the  weakest  portion  of  the  rock  mass  subjected  to  extraordinary  loads. 
(Figure  9.38). 

2.  Where  a  rock  burst  appears  inevitable  bolts  are  used  to  support 
a  cushioning  structure  designed  to  restrain  high  velocity  fragments. 

In  shafts  or  steeply  dipping  stopes  bolts  are  used  to  constrain 
vertical  movement  and  resist  shear  after  movement  has  begun,  as  in  the 
mines  at  Butte,  Montana  (Figure  9.39). 
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Figure  9.34.  Load-strain  graphs  for  lowest  member  of  immediate  roof;  model 
A  (Indiana  limestone)  for  various  bolting  patterns.  Slope  of  graph  for  theo¬ 
retical  solid  bean  m  slope  of  graph  for  unbolted  roof  ~  number  of  bolted  beds. 
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Figure  9.35.  Load-strain  graphs  for  lowest  member  of  imnediate  roof;  model 
B  (Indiana  limestone)  for  various  bolting  patterns.  Slope  of  graph  for  un¬ 
bolted  roof  *r  number  of  bolted  beds. 


Figure  9.36.  Load-strain  graphs  for  lowest  member  of  immediate  roof;  model 
D  (Indiana  limestone),  model  E  (Hydrostone).  Each  curve  is  the  average  of 
two  tests,  various  bolting  patterns.  Slope  of  graph  for  theoretical  solid 
beam  =  slope  of  graph  for  unbolted  roof  -f  number  of  bolted  beds. 
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In  general,  rock  bolts  are  placed  in  underground  openings  on  the 
basis  of  structural  features  and  physical  properties  of  rock.  This 
is  well  illustrated  by  the  process  of  beam  building.  Other  specific 
cases  (Figures  9,40  to  9.42)  illustrate  how  bolts  are  employed  to  keep 
fragments  from  coming  out  of  the  hanging  wall,  or  Joints  may  be  pinned 
together. 

Torque  investigations  on  roof  bolts  showed  that  a  torque- tens ion 
relationship  for  1  inch  bolts  was  approximately  40  lb.  of  load  for  each 
ft.  lb.  of  torque  exerted  (Figure  9.43). 

Various  types  of  artificial  supports  may  be  employed  to  support 
underground  openings  under  static  conditions.  Some  have  been  found 
effective  in  reducing  secondary  spalling  from  rock  bursts.  Timber  sets, 
concrete,  steel  arches,  and  rock  bolts  have  all  proven  useful  in  sta¬ 
bilizing  underground  openings.  Their  primary  uses  for  protective  con¬ 
struction  will  be  very  similar.  They  may  be  employed  to  reduce  effects 
of  spalling  or  used  to  offer  some  strength  to  the  rock  structure  about 
the  opening. 

At  present,  however,  it  appears  that  the  ill  situ  rock  about  the 
opening  will  need  to  offer  a  very  large  portion  of  the  resistance  to 
collapse  threatened  by  large  transient  loads  generated  by  nuclear 
weapons . 
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NOTATIONS 

A,  Cp  ,  ,  ,  Cj  ■  constants  in  the  roof-bolting  design  formula 

b  ■  spacing  between  bolt  sets  along  the  opening,  inches 

D  =  decrease  in  roof  bending  strain  due  to  bolting,  expressed  as  a 
fraction  of  the  theoretical  value  for  unbolted  roof 

d  ■  bolt-hole  diameter,  inches 

d*  =  bolt  diameter,  inches 

6  =  deflection  of  a  beam  at  midspan,  inches 

E  «  modulus  of  elasticity  of  immediate  roof  rock,  p.s.i. 

E*  ■  modulus  of  elasticity  of  bolt  material,  p.s.i. 

e  ,  e^,  =>  unit  strains,  Inches/inch,  in  the  x,  y,  z  directions 

Ae  .  »  decrease  in  outer-fiber  bending  strain  e 

inches /inch,  due  to  bolting 

Eq,  €l/16’  £l/2  =  outer“fiher  bending  strains  E^,  at  x  =  (O,  L) , 
x  =  (L/16,  15I./15),  x  =  L/2,  respectively 

F  =  coefficient  of  friction  on  bedding  planes 

f^,  fj,  f^  “  undetermined  functions 

f  =  an  undetermined  function 
G  =  a  constant 

2 

g  =  acceleration  of  gravity  =>  32.2  ft, /sec.” 
h  =  Bolt  length  =  thickness  of  bolted  roof,  inches 

3 

1  «  moment  of  inertia  of  a  beam  cross  section  (=  bt  / 12  for  a  rectangle) 
K  a  centrifugal  loading  ratio  (for  prototypes,  K  =•  1) 

L  =>  roof  span,  inches 

M  =  moment  applied  to  a  beam  at  the  supports,  lb. -in. 

|i  =  Poisson's  ratio  of  roof  rock 

p'  =  Poisson's  ratio  of  bolt  material 

N  =  number  of  bolts  per  set,  across  the  opening 


9.48 


n  =  revolutions  per  second 
P  =  bolt  tension,  pounds 
T  m  3.1416 

q  a  uniformly  distributed  beam  load,  lb. /in.  (=  wbt  for  a  gravity- 
loaded  beam) 

r  =  radius  of  rotation,  inches 

RF  =  reinforcement  factor  produced  by  bolting  (=SF'/SF) 

SF  «  safety  factor  for  unbolted  roof 
SF1  =  safety  factor  for  bolted  roof 

a  ,  cr  ,  a  =  unit  stress,  p.s.i.,  in  the  x,  y,  z  directions 
x  y  z 

a  ,  a  .  ,  a  .  =  outer-fiber  bending  stresses  a  ,  at  x  =>  (0,  L) , 

'  '  x  ■  (L/16,  15L/16),  x  «=>  L/2,  respectively 

t  <3  thickness,  inches,  of  bolted  roof  beds 

T  ,  T  =  unit  shearing  stresses,  p.s.i.,  in  the  y,  x  directions 
xy  ^  on  planes  perpendicular  to  the  x,  y  axes 

w  ■  unit  weight  of  immediate  roof  rock,  lb,/cu.  in. 

w'  a  unit  weight  of  bolt  material,  lb./cu.  in. 

x,  y,  z  =  rectangular  coordinates 
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CHAPTER  X 


GEOLOGICAL  EXPLORATION  METHODS 


Exploration  Geophysics 


The  most  obvious  use  of  exploration  geophysics  in  connection  with 
deep  underground  protective  installations  is  in  predicting  gross  geologic 
structure  at  depth.  This  must  be  coupled  with  a  knowledge  of  the  general 
geologic  structure  of  the  local  area,  which  may  or  may  not  be  affirmed 
and  checked  in  detail  by  drilling  and  excavation.  The  methods  of  geo¬ 
physical  exploration  are  (1)  seismic,  (2)  gravity,  (3)  magnetic,  (4)  elec¬ 
trical  and  (5)  radioactivity.  Of  these,  the  seismic  methods  have  proven 
the  most  fruitful,  particularly  in  predicting  favorable  geologic  struc¬ 
tures  (See  Table  10.1)  for  oil  deposits.  The  remaining  methods  could 
readily  have  useful  applications  in  particular  cases  of  interest  in  this 
study.  Magnetic  and  gravitational  methods  are  often  employed  in  combi¬ 
nation  to  locate  basement  rocks  of  basic  (high  percentage  of  iron)  com¬ 
position.  Radioactive  methods  would  be  limited  to  location  of  geologic 
formations  containing  radioactive  minerals.  Electrical  methods  also 
have  limited  but  useful  applications  where  differences  in  resistivity  of 
constituent  parts  of  the  geologic  structure  are  significant. 


Seismic  Prospecting 

Seismic  methods  are  the  most  widely  used  and  give  results  which  are 
easiest  to  translate  into  geological  termB.  They  are  basically  more 
complicated  because  they  require  the  transfer  of  measurable  quantities 
of  energy,  usually  from  small  amounts  of  high  explosive,  into  the  earth. 
In  gravity  and  magnetic  methods  it  is  only  required  to  measure  existing 
influence  fields,  which  is  also  true  of  the  spontaneous  polarization 
method.  Both  seismic  methods,  i.e.,  refraction  and  reflection,  yield 
information  on  differences  in  elastic  properties  of  rocks  and  these 
differences  are  correlated  with  geologic  structure  as  a  means  of  litho¬ 
logic  mapping.  The  elastic  constants  utilized,  either  directly  or 
indirectly,  are  Young's  modulus  E,  Poisson's  ratio  V,  rigidity  or  shear- 
modulus  C,  and  the  bulk  modulus  k. 


Several  types  of  elastic  waves  may  be  generated  in  rock  masses,  the 
two  most  important  being  longitudinal  and  transverse.  The  speed  of 
longitudinal  (compressions!)  is  given  by 


VL  = 


k  +  4/3  G 


(10.1) 


which  may  also  be  expressed  in  terms  of  the  other  elastic  constants. 
The  velocity  of  transverse  waves  is 


V 


T 


(10.2) 
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While  transverse  waves  are  of  interest,  only  longiLudinal  waves  are  used 
in  seismic  prospecting.  Two  other  types  of  waves  are  Raleigh  (surface) 
and  Levs  waves,  the  latter  being  observed  only  when  there  is  a  low-speed 
layer  overlying  a  medium  In  which  elastic  waves  have  a  higher  speed. 
Transverse  waves  are  of  lower  velocity  than  longitudinal. 

Seismic  Refraction^ 

Seismic  refraction  methods  have  long  been  employed  by  seismologists 
in  the  study  of  earthquake  waves  and  the  structure  of  the  earth.  By 
means  of  this  method  subsurface  layering  is  detailed  on  a  small  scale 
using  travel  times  of  waves  generated  by  near-surface  explosions.  While 
there  currently  is  less  activity  in  refraction  than  in  reflection  pros¬ 
pecting,  the  former  has  several  advantages  over  reflection  methods.  The 
refraction  method  has  been  found  to  be  particularly  applicable  for  recon¬ 
naissance  in  areas  where  structures  have  high  relief  and  where  there  is 
at  least  one  high-speed  marker  bed  overlain  by  lower  velocity  formations. 
Also,  where  subsurface  geology  is  unknown,  reflection  surveys,  which 
indicate  only  the  geometry  of  the  subsurface  formations,  can  give  little 
information  about  the  composition  of  the  geologic  column.  Refraction 
surveys  yield  data  on  seismic  velocities  of  layers  as  well  ns  their 
geometry  and  often  make  it  possible  to  Identify  and  map  key  formations. 
Prom  an  operational  point  of  view  refraction  surveys  must  be  spread  out 
over  a  larger  area  and  are  thus  more  difficult  to  perform.  For  example, 
the  separation  between  shot  and  detectors  for  refraction  shooting  in 
petroleum  exploration  ranges  from  about  4  to  12  miles. 

2 

Recent  work  by  Richards  has  proposed  some  new  approaches  to  treat¬ 
ment  of  data  in  broadside  or  arc  shooting  over  buried  geologic  structures 
such  as  anticlines  or  faults.  Where  Bubsurface  topography  is  badly  dis¬ 
turbed  approximate  methods  are  indicated. 


Theory  of  Refraction  Method 

A  brief  outline  of  the  basic  principles  of  refraction  shooting  Is 
requisite  to  an  understanding  of  its  application  to  the  present,  problem, 
particularly  with  reference  to  the  mechanism  of  transmission  of  refracted 
waves. 

For  a  simplified  case  where  the  subsurface  consists  of  two  media, 
each  with  uniform  elastic  properties,  the  case  may  be  analyzed  for  a 
horizontal  Interface  at  a  depth  £.  The  velocity  of  the  longitudinal 
wave  in  the  lower  medium,  Vj,  is  larger  than  that  in  the  upper  layer. 

(Figure  10.1),  Waves  generated  uL  point  S  travel  out  In  a  hemispherical 
front,  and  will  Induce  higher  velocity  waves  in  the  lower  layer.  If  the 
detecting  instrument  D  is  placed  at  a  large  distance  x,  from  the  explosion 
the  wave  traveling  along  the  path  ABCDn  will  reach  the  detector  before 
the  wave  traveling  the  path  ADn.  (Figure  10.2).  The  wave  will  be  refracted 
according  to  Snell's  law. 


sin  i  _  __o 
sin  R  Vi 
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Figure  10.1.  Mechanism  for  transmission  of  refracted  waves  In  two¬ 
layered  earth. 


Figure  10.2.  Ray  paths  of  least  time  and  time-distance  curve  for  two 
layers  separated  by  horizontal  interface. 
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and  the  refracted  wave  reaching  Dn  will  return  to  the  surface  at  the 
critical  angle  ic  defined  for  the  angle  of  refraction  R  equal  to  zero, 

,  V 

ic  *  sin  vT  (1°-4) 

A  convenient  method  of  representing  refraction  data  is  to  plot  the 
first  arrival  time  T  vs.  the  shot-detector  distance  x.  For  the  ideal, 
case  of  a  subsurface  consisting  of  discrete  homogeneous  layers  a  time 
distance  curve  is  simple  to  interpret  since  it  consists  of  linear  seg¬ 
ments.  Thus,  for  two-layer,  three-layer  and  multiple  layer  cases  where 
the  speed  for  each  layer  is  successively  greater,  the  refraction  method 
can  be  used  to  determine  velocities  and  depths,  in  terms  of  the  intercept 
time,  the  critical  distance  and  the  critical  angle.  All  of  these  data 
may  be  deduced  from  the  refraction  observations.  (Figures  10.3  to  10.5). 

If  a  low-speed  Layer  occurs  in  the  geologic  column,  it  cannot  be 
detected  by  the  indicated  methods,  because  no  wave  will  be  refracted 
from  the  interface  between  it  and  the  layer  above.  The  presence  of  such 
a  layer  will  lead  to  an  error  in  the  computation  of  depths  to  all  deeper 
interfaces  because  its  thickness  will  not  be  accounted  for  in  the  cal¬ 
culate  ons . 

For  some  configurations  of  layering  and  faulting  it  is  possible  to 
detect  the  faulting  and  measure  the  throw.  If,  for  example,  a  high-speed 
bed  of  velocity  Vi  underlies  a  low-spccd  overburden  of  velocity  VQ  if 
faulted  vertically  as  shown  in  Figure  10.6,  a  refraction  profile  perpen¬ 
dicular  to  the  strike  of  the  fault  often  makes  it  possible  to  determine 
the  above  parameters.  A  method  for  the  case  where  the  shot  is  on  the 
up-throw  block  and  the  detector  is  on  the  down-throw  block  was  given 
by  Barton3.  The  time  distance  curve  and  ideal  geometric  configuration 
of  the  geologic  structure  show  that  the  curve  consists  of  two  parallel 
but  displaced  linear  segments  having  an  inverse  slope  equal  to  the  speed 
in  the  faulted  formation.  The  segments  of  the  curve  correspond  to  the 
arrivaL  times  of  waves  refracted  respectively  from  the  up-throw  and  down¬ 
throw  blocks.  The  throw  Zf  is  determined  from  the  difference  between 
the  intercept  times  of  the  two  linear  segments.  The  curve  for  the  case 
where  the  shot  is  below  the  fault  1.3  derived  in  a  similar  manner. 

Dipping  beds  may  lie  detected  and  their  depths  evaluated  by  employ¬ 
ing  the  time-distance  plot  indicated  in  Figure  10.7.  For  the  mathe¬ 
matics  of  the  above  configurations  the  reader  is  referred  to  textbooks 
on  exploration  geophys ics 1 , 


Seismic  Reflection  Method 


This  method,  tlie  most  extensively  used  of  all  geophysical  prospect¬ 
ing  techniques  (primarily  for  petroleum  search),  gives  the  most  detailed 
and  direct  section  of  subsurface  geoLogic  structure  of  any  geophysical 
method.  Depths  to  subsurface  interfaces  may  be  mapped  with  accuracy, 
determined  by  the  travel  time  of  reflected  waves.  One  advantage  is  that 
it  permits  mapping  of  many  horizons  with  one  shot  and  the  precision  for 


Figure  10.3.  Ray  paths  of  least  time  for  three  layers  separated  by 
horizontal  interfaces. 
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Figure  10.4.  Ray  paths,  time-distance  curve,  and  critical  distances 
for  multilayer  case. 
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Figure  10.5.  Time »d istance  curve  and  ray  paths  for  hij'h-speed  Tinker 
below  overburden  with  linear  speed-septh  relation. 


Figure  10.6.  Wave  paths  and  time-distance  curve  for  infraction  across 
fault  (shot  is  on  upthrown  side). 
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Figure  10.7.  Refraction  along  an  interface  dipping  at  an  angle  Ct . 

Respective  shots  are  at  updip  and  downdip  endB  of  profile. 


Figure  10.8.  Waves  reflected  from  a  number  of  interfaces  in  area  where 
speed  increases  continually  with  depth,  except  for  dis¬ 
continuities  at  interfaces  themselves. 
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Figure  10.9.  Wave  reflected  from  single  interface.  Speed  constant  at 
V  down  to  reflecting  surface. 
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deeper  horizons  is  the  same  as  for  shallow  ones.  Utilization  of  the 
reflection  method  is  often  preceded  by  magnetic,  gravity  or  refraction 
reconnaissance  surveys.  The  method  is  not  usually  applicable  at  very 
shallow  depths. 

Where  there  is  a  difference  in  acoustic  impedance  (density  times 
velocity)  on  the  two  sides  of  an  interface,  the  energy  of  an  incident 
elastic  wave  will  be  partly  reflected,  the  angle  of  incidence  always 
being  equal  to  the  angle  of  reflection.  For  small  seismic  charges  of 
HE  set  off  just  below  the  surface,  each  interface  will  reflect  some  of 
the  wave  energy  back  to  the  surface.  A  geophone  placed  at  the  surface 
will  respond  to  the  arrival  of  each  reflected  wave  and  the  total  travel 
time  can  be  used  to  calculate  the  depth  to  the  reflecting  horizon  when 
the  speed  along  the  wave  path  is  known.  If  there  is  a  continuous  change 
of  wave  velocity  with  depth,  the  trajectories  of  the  various  reflected 
waves  detected  at  a  single  geophone  will  be  curves  as  shown  in  Figure^ 
10.8.  On  the  other  hand,  if  the  wave  velocity  has  a  constant  value  V, 
the  wave  will  travel  along  straight  lines  and  the  depth  to  the  interface 
of  a  horizontal  interface  and  be  easily  calculated.  (See  Figures  10.9 
and  10.10).  The  calculation  of  depths  to  inclined  reflecting  surfaces 
is  somewhat  more  complicated.  Reflections  are  required  from  two  or  more 
points  on  the  dipping  surface,  from  which  the  angle  of  dip  can  be  deter¬ 
mined  from  the  difference  In  time  between  the  two  reflections.  (Figure 
10.11). 

Where  identified  or  unidentified  geological  markers  persist  over  a 
large  area  it  is  possible  to  correlate  reflections  from  them  and  contour 
them  in  a  manner  similar  to  that  used  in  contouring  from  well  data.  Such 
correlation  shooting  gives  the  maximum  accuracy  and  maximum  detail,  but 
is  of  high  cost. 

Where  no  velocity  data  are  available  from  well  shooting,  an  approx¬ 
imate  velocity  function  may  be  determined  from  seismic  measurements  on 
the  surface.  Detectors  are  laid  out  over  a  wide  range  in  an  area  of 
good  reflection  horizons  and  responses  recorded  in  the  usual  way.  The 
stepout  times  at  various  depths  and  distances  can  then  be  employed  to 
calculate  velocity  from  elementary  formulas. 

The  proper  interpretation  of  both  refraction  and  reflection  data 
involves  their  expression  in  geologic  parameters.  To  be  carried  out 
competently  it  requires  the  assembling  of  all  pertinent  geological  and 
geophysical  information  into  an  integrated  representation  of  the  struc¬ 
ture  than  either  source  of  information  is  likely  to  give  alone.  The 
coordination  of  geological  Information  with  reflection  data  should  be 
a  two  way  process.  By  close  consultation  with  geologists  and  use  of 
geological  data  the  geophysicist  can  generally  decrease  the  number  of 
unknowns  in  the  problems  and  can  thus  arrive  at  a  more  logically  cor¬ 
rect  answer.  Also  the  geoLogist  benefits  from  the  usage  of  the  geo¬ 
physical  data  in  relating  them  to  known  geologic  controls  and  completing 
the:  picture  to  the  fuLl  extent  that  the  art  of  seismic  prospecting  allows. 

It  must  be  recognized  that  there  are  certain  limitations  to  the 
reflection  method  in  yielding  geological  information.  The  resolving 
power  of  the  method  is  limited  in  that  discrete  reflections  cannot  be 
expected  from  interfaces  less  than  a  wavciength  apart,  although  a  char- 


Figure  10.12. 
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Figure-  10.13 


Reflection  of  seismic  waves  at  an  erosional  surface 
Vertical  bars  represent  vertical  distances  covered 
by  a  seismic  wave  at  reflecting  positions  for  each 
channeL  of  a  12-trace  record.  Erosional  relief  is 
generally  not  this  great  in  nature, 


Reflection  of  seismic  waves  from  zone  of  plnchout  against 
unconformity.  Poor  resolution  of  reflections  expected 
because  of  lateral  variation  of  interference  patterns. 
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Imperial  Coalspur  I 


Figure  10.14.  Construction  of  geologic  section  in  foothills  area 
of  Alberta  by  combining  surface  geology,  well 
information,  and  seismic  reflection  data. 
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BR  =  Belly  River  (Brozsau! 
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Figure  10.15.  An  alternative  interpretation  of  the  geological  and 
seismic  data  used  to  obtain  cross  section  of 
Figure  10.14, 
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Figure  10.16.  Reflection  dip  section  from  highly  faulted  and  folded 

area  before  addition  of  geological  information.  Labels 
on  horizontal  lines  represent  times  in  sec.  ' 


Figure  10.17.  Section  of  10.16  after  information  from  two  wells  at 
opposite  ends  is  used  for  geological  interpretation. 
Labels  on  horizontal  lines  represent  depths. 
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acteristic  interference  pattern  made  up  of  reflections  closer  together 
may  be  identifiable  on  the  seismic  record.  Also,  there  are  numerous 
lithological  changes  which  may  cause  velocity  changes  as  great  as  those 
which  occur  at  interfaces  between  geological  formations.  Certain  ero- 
sional  surfaces  and  unconformities  will  not  yield  results  which  are 
interpretable  because  of  shallow  depth  or  other  reasons.  (See  Figures 
10.12  and  10.13). 

Examples  of  geologic  interpretation  of  prospected  areas  are  given 
in  Figures  10.14  to  10.17.  The  first  two  show  alternate  interpretations, 
while  the  latter  two  indicate  reflection  dip  section  before  and  after 
geological  interpretation. 

Summary  -  Seismic  Methods.  The  successful  application  of  seismic 
shooting  to  geologic  problems  in  determining  geologic  structure  in  con¬ 
nection  with  prospecting  for  oil  and  other  minerals  indicates  that  they 
could  be  applied  with  equal  success  to  exploration  of  subsurface  struc¬ 
ture  in  areas  of  interest  for  underground  protective  construction.  They 
are  subject  to  numerous  limitations,  but  provide  valuable  aids  in  corre¬ 
lating  geologic  data  and  furnishing  a  reasonably  accurate  picture  of  sub¬ 
surface  geology  before  drilling,  and  are  extremely  useful  in  accurate 
plotting  of  geology  between  drill  holes. 

A  further  possible  use  of  seismic  surveys  might  be  found  in  predict¬ 
ing  a  first  approximation  energy  partition  and  distribution  of  blast  wave 
energy  in  the  rock  from  a  surface  or  near  surface  explosion.  That  is, 
in  the  elastic  range  at  some  distance  from  a  nuclear  explosion  crater 
much  of  the  energy  is  reflected  and  refracted  in  accordance  with  known 
laws  depending  upon  the  particular  geometrical  configuration  of  forma¬ 
tions  and  the  relative  acoustic  impedances  of  each. 


Gravity  Method 


The  gravimetric  method  of  prospecting  is  used  to  detect  and  measure 
lateral  variations  in  the  earth's  gravitational  attraction  that  are  asso¬ 
ciated  with  differences  in  density  in  near-surface  structures.  Many 
geologic  structures  of  interest  in  various  phases  of  geological  engineer¬ 
ing  give  rise  to  variations  in  the  normal  density  distribution  within 
the  earth's  crust  and  are  the  source  of  diagnostic  anomalies  in  the  gra¬ 
vitational  field.  These  differences  are  in  many  cases  less  than  one  ten- 
millionth  of  the  earth's  attraction  and  extremely  sensitive  instruments 
are  required  to  measure  them.  Gravitational  attraction  is  defined  by 
Newton's  law  and  the  constant  y  employed  in  the  following  equation  is 
taken  as  6.670  x  1Q"U. 


Gravitational  acceleration  is  about  980  cm/sec2  or  980  gals.  The  prac¬ 
tical  unit  of  measurement  employed  in  gravity  exploration  is  a  lailligal 
or  one  thousandth  of  a  gallon. 

The  vertical  component  of  gravity  is  the  quantity  usually  measured 
by  a  gravity  meter  and  hence,  it  Is  usual  to  plot  a  profile  of  the  var- 
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lation  of  this  component  in  an  area  of  interest.  The  theoretical  varia¬ 
tion  for  buried  bodies  of  spherical,  cylindrical  and  other  shapes  has 
been  determined  and  field  profiles  are  correlated  with  these  theoretical 
profiles  in  attempts  to  determine  the  shape  of  the  buried  source  of  the 
anoma ly . 

One  of  the  principle  uses  of  the  gravity  meter  has  been  in  connec¬ 
tion  with  the  exploration  for  salt  domes.  Shallow  domes  of  salt  are 
usually  covered  by  a  cap  of  dense  rock,  while  the  salt  is  less  dense  than 
the  surrounding  rock.  (See  Figure  10.18). 

In  areas  where  the  geologic  section  consists  of  formations  with 
appreciable  density  contrast,  folding  of  the  rock  will  be  reflected  on 
a  gravity  map.  For  formations  which  have  a  greater  than  average  den¬ 
sity  and  are  brought  near  the  surface  gravity  methods  are  applicable. 

It  has  been  found  that  a  number  of  widely  different  mass  distribu¬ 
tions  below  the  ground  surface  can  give  the  same  type  of  gravity  map  on 
the  surface.  Any  available  independent  geologic  control  such  as  that 
obtained  from  drilling  logs  or  seismic  data  reduces  the  ambiguity  of  the 
interpretation.  It  is  also  possible  to  use  information  obtained  from 
surface  geology  to  guide  the  interpretations  of  gravity  readings.  Quan¬ 
titative  interpretations  are  most  fruitful  where  there  is  already  in 
existence  a  substantial  control  of  the  geology  of  the  area.  For  example, 
if  it  is  known  from  seismic  daLa  LliaL  a  structure  associated  with  a  gra¬ 
vity  high  approximates  a  horizontal  cylinder,  and  drilling  information 
indicates  uniform  densities,  the  formula  for  a  buried  cylinder  can  be 
applied  to  approximate  its  size  and  depth.  For  cases  where  no  simple 
geometrical  form  appears  to  be  present,  a  number  of  structures  may  be 
assumed  which  are  compatible  with  the  independent  geological  control. 

The  structure  which  gives  the  best  calculated  fit  to  observed  results  is 
considered  to  be  the  most  likely  to  be  present. 


Magnetic  Method 

WhiLe  magnetic  prospecting  is  used  for  searching  for  both  ore  and 
oiL,  in  the  latter  application  it  is  ordinarily  employed  to  determine 
the  thickness  of  a  sedimentary  geologic  section  or  to  map  structural 
features  on  the  basement  surface  that  might  influence  the  structure  of 
the  overlying  sediments.  It  has  been  found  that  sedimentary  rocks 
exert  such  a  small  magnetic  effect  compared  to  the  igneous  rock  below 
them  that  virtually  all  variations  in  magnetic  intensity  measurable  at 
the  surface  are  associated  with  the  topography  or  lithologic  changes  in 
the  basement  rock.  Both  the  magnetic  and  the  gravity  method  of  pros¬ 
pecting  are  similar  in  that  they  seek  anomalies  caused  by  changes  in  the 
physical  properties  of  the  subsurface  rocks.  Also  both  arc  used  mainly 
for  reconnaissance,  and  require  fundamentally  similar  interpretation 
techniques . 

In  the  last  decade  or  so  the  number  of  magnetic  surveys  made  by 
airborne  magnetometers  has  steadily  Increased.  The  primary  reasons  are 
the  speed  economy,  and  convenience  of  airborne  techniques. 
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Figure  10.18, 


Northeast-southwest  profile  of  anomalous  relative 
gravity  across  Damon  Mound  salt  dome,  Texas. 
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Figure  10.19, 


Average  magnetic  susceptibilities  of  surface  samples  and 
cores  as  measured  in  laboratory. 
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The  magnetic  method  is  employed  to  measure  and  evaluate  magnetic 
anomalies  in  the  earth's  magnetic  field  which  are  caused  by  rocks  or 
minerals  of  greater  magnetic  susceptibility  than  that  of  surrounding  ^ 
rocks.  The  unit  of  measurement  is  the  gamma,  which  is  defined  as  10 
oersted.  Magnetic  susceptibilities  of  a  number  of  common  rocks  and 
minerals  are  listed  in  Figure  10.19. 

The  effects  of  buried  magnetized  bodies  on  the  earth's  magnetic 
field  at  the  surface  can  be  calculated  from  potential  theory  by  methods 
similar  to  those  used  for  determining  the  gravitational  effects  from 
geometrically  similar  bodies.  The  computations  for  magnetic  fields, 
however,  are  considerably  more  difficult,  since  the  dipoles  distributed 
through  the  body  cause  both  attraction  and  repulsion.  The  direction  of 
polarization  introduces  another  complication.  Many  of  the  formulas  for 
forms  such  as  spheres  can  be  derived  from  the  corresponding  gravitational 
formulas  by  use  of  a  relationship  between  magnetic  and  gravitational 
potentials.  Figures  10.20  to  10.25  illustrate  the  theoretical  types  of 
vertical  fields  which  might  be  expected  from  certain  geometric  forms. 

Dobrin^  lists  three  types  of  magnetic  surveys  over  land  whose  sub¬ 
surface  features  have  been  later  detailed  by  drilling.  These  ares  (1) 
magnetic  ores  sought  directly:  (2)  non-magnetic  materials  associated 
with  structures  detectable  by  magnetic  means;  (3)  oil-bearing  structures 
in  sediments  associated  with  basement  topographic  features. 

Perhaps  the  most  spectacular  of  magnetic  anomalies  is  that  found 
over  the  Kursk  iron  deposit  in  Russia  (Figure  10.27) .  The  horizontal 
component  of  intensity  varies  from  20,000  to  70,000  gammas  with  a  mile, 
and  the  vertical  intensity  reaches  a  maximum  of  three  times  its  value 
at  the  North  Pole.  Also  the  declination  varies  by  almost  180  .  The 
anomaly  was  located  in  1874,  and  the  source  was  located  by  diamond  drill¬ 
ing  in  1923. 

Magnetic  surveys  have  been  used  to  locate  non-magnetic  minerals  by 
outlining  structures  favorable  to  their  occurrence  or  by  indicating 
magnetic  materials  with  which  other  valuable  minerals  are  commonly  asso¬ 
ciated.  A  very  large  portion  of  the  geophysical  surveys  on  the  Canadian 
shield  in  recent  years  consisted  of  magnetometer  surveys  for  gold  and 
base  metals  over  drift  covered  areas.  The  non-magnetic  metals  are  fre¬ 
quently  found  on  the  margins  of  batholiths  and  other  intrusives  which 
can  be  detailed  under  the  drift  by  means  of  the  magnetometer.  In  the 
Sudbury  district  of  Canada,  nickel  and  copper  sulphide  ore  occurs  at 
norite  contacts.  A  magnetic  anomaly  indicated  the  host  structure,  and 
the  presence  of  ore  was  subsequently  determined  by  drilling.  (Figure 


Figure  10.29  shows  the  structure  and  magnetic  profile  of  the  Cumber¬ 
land  oil  field  in  Ohio  where  the  pre-cambrian  basement  was  faulted  upward 
almost  to  the  surface,  whereas  a  definite  magnetic  low  was  associated 
with  a  salt  dome  and  cap  rock  in  the  Hockley  field  in  Texas.  (Figure 
10.30). 
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Figure  10.24. 
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igure  10.25.  Vertical  magnetic  field  of  inclined 
dipole . 
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Figure  10.26.  Formulas  arul  typical  profiles  for  vertical  and 
Inclined  dikes. 
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Figure  10.27.  Magnetic  anomalies  across  Kursk  iron  deposit. 
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Figure  10.28.  Magnetic  field  over  drift-covered  mil  fide -oro 
body  at  Sudbury,  Ontario. 
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0.29.  Magnetic  intensities  observed  over  Cumberland  Field, 
Okla.  Geologic  section  also  shown. 
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Figure  10.30.  Negative  magnetic  anomaly  over  Hockley  salt  dome,  Texas. 
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Electrical  Prospecting  Methods 

Thepe  methods  include  the  self-potential  method,  equi-potentlal  line 
method,  resistivity  methods,  methods  utilizing  telluric  currents  and 
|  induced  potential  methods.  Electrical  methods  are  characterized  by 

J  shallow  penetration,  and  limited  resolution  and  interpretation.  Their 

application  has  been  essentially  limited  to  the  location  of  shallow 
mineral  deposits  and  engineering  surveys  of  immediate  subsurface  struc¬ 
ture.  Their  effectiveness  is  limited  by  their  emphasized  response  to 
near  surface  anomalies. 


Exploration  Drilling 


In  general  there  are  three  categories  of  drills  employed  In  explor¬ 
ation  drilling,  churn  drilling,  rotary  drilling,  and  percussion  drilling. 
Of  these,  only  rotary  drilling  is  used  extensively  for  probing  for  know¬ 
ledge  of  geologic  structure  and  the  occurrence  of  mineral  deposits.  Large 
diameter  bit3  with  roller  cones  are  employed  in  drilling  for  oil  and  are 
noted  only  for  evaluation  of  gross  geologic  structure,  i.e.,  bedding 
planes,  individual  members  of  the  geologic  column,  structural  traps,  etc. 
Two  types  of  drills  yield  cores  as  well  as  drill  cuttings  in  coring  rock, 
diamond  drilling  and  calyx  drilling.  Diamond  drills  have  been  employed 
most  extensively  where  detailed  geology  must  be  ascertained.  That  is, 
where  cores  are  obtained  solid  samples  of  rock  will  yield  quantitative 
as  well  as  qualitative  data  on  the  competence  of  the  rock  which  may  be 
tested  in  the  laboratory  for  its  physical  properties. 

In  exploration  projects  other  than  for  petroleum,  whether  drilling 
is  designed  to  ascertain  the  size  and  grade  of  an  orebody  or  to  Becure 
geological  engineering  information,  the  choice  of  a  method  of  drilling 
usually  is  between  churn  drilling  and  diamond  drilling.  Aside  from  the 
fact  that  it  may  yield  a  core,  a  diamond  drill  may  be  directed  in  any 
attitude  with  respect  to  the  horizontal,  while  a  churn  drill  may  drill 
only  vertically  downward.  Calyx  drills  can  compete  in  rocks  which  are 
uniform  and  not  too  hard. 

As  might  be  expected  most  exploratory  diamond  drilling  has  been 
utilized  in  the  past  in  searching  for  mineral  deposits.  The  targets  in 
mineral  search  programs  and  engineering  geology  projects  are  analogous 
in  most  respects.  The  immediate  objective  of  a  drilling  program  is  to 
provide  further  data  for  geologic  maps  and  sections. 


Geologic  Mapping 

The  translation  of  data  obtained  from  drilling,  together  with 
exposed  surface  geology  onto  maps  and  sections  provides  a  picture  of 
the  engineering  structure  available  for  building  of  underground  protec¬ 
tive  installations.  To  serve  as  a  basis  for  the  value  of  drilling 
exploration  and  geophysical  exploration  results,  it  is  well  to  under¬ 
stand  which  geologic  data  are  important  in  the  problem  of  design  of  under¬ 
ground  openings.  First,  a  usable  map  is  a  record  of  geological  facts, 
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not  theories,  and  there  must  always  be  a  sharp  distinction  drawn  between 
observation  and  inference.  The  failure  to  distinguish  between  geologi¬ 
cal.  facts  and  inference  has  been  evidenced  in  otherwise  excellent  maps 
published  by  government  surveys.  The  degree  of  uncertainty  and  infer¬ 
ence  should  always  be  indicated. 

The  principles  cf  mapping  geologic  detail  for  engineering  struc¬ 
ture  design  are  similar  to  those  employed  in  ore  and  oil  search,  although 
the  emphasis  on  the  category  of  geological  features  that  are  important 
is  different  in  each  case.  As  indicated  in  Chapters  II  to  IV,  the  fac¬ 
tors  which  effect  structural  strength  and  transmission  of  wave  energy 
are  concerned  with  both  gross  and  detailed  structure. 

Many  of  the  pertinent  data  on  subsurface  rock  structure  are  obtained 
from  the  geologists  log  of  a  drill  hole.  This  usually  includes  the  fol¬ 
lowing  : 

Percentage  of  core  recovered  in  each  run 

Grain  size,  expressed  quantitatively 

Recognizable  minerals 

Type  and  degree  of  alteration 

Angle  between  structural  planes  and  the  .axis  of  the  cores 
Cleavage  and  schiatosity 
Bedding 
Joints 

Veinlets  or  stringers 

Location  of  sections  in  which  core  is  crushed  or  broken  or  where 

only  clay  or  mud  is  recovered  (This  may  indicate  a  fault) . 

Solid  cores  which  are  recovered  may  be  employed  for  preliminary  labora¬ 
tory  tests  for  physical  properties.  In  many  cases  the  regional,  local 
surface  and  subsurface  geology,  (the  latter  obtained  by  drilling)  has 
furnished  adequate  information  for  planning  extensive  underground  exca¬ 
vation  projects . 

£ 

The  Snowy  Mountain  project  in  Australia  illustrates  the  effective 
utilization  of  diamond  drilling  to  evaluate  pertinent  factors  prior  to 
actual  excavation.  It  also  illustrates  some  of  the  uncertainties  involved. 

All  types  of  investigation  were  employed  from  broad  regional  surveys 
to  detailed  surveys  of  individual  features.  Usual  methods  of  aerial  and 
ground  surveying  were  employed  and  a  fir3t  order  survey  net  established 
for  overall  control.  Surface  geology  surveys,  both  regional  and  local, 
were  carried  out  by  usual  geological  methods.  Subsurface  methods  inclu¬ 
ded  diamond  drilling,  seismic  exploration  and  driving  of  investigation 
shafts  and  tunnels,  A  number  of  sites  in  the  area  was  investigated 
progressively  by  surface  mapping,  air-photo  interpretation  and  diamond 
drilling.  The  final  site  was  chosen  only  after  a  careful  assessment  of 
the  results  of  these  investigations  which  showed  the  area  to  be  free 
from  major  faulting. 

The  final  site  was  explored  initially  by  geological  mapping  of  the 
surface  and  by  diamond  drilling.  A  total  of  five  sloping  holes  was 
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drilled  from  the  surface,  varying  in  depth  from  705  feet  to  2005  fqet, 
four  of  them  extending  below  the  level  of  the  power  station  site.  The 
site  for  the  station  was  adopted  tentatively  based  on  the  drilling 
results,  and  was  explored  further  by  an  8  x  8  foot  tunnel  1100  feet 
long.  Six  more  diamond  drill  holes  were  drilled  from  chambers  near  the 
end  of  this  tunnel  with  a  total  of  1377  feet  in  the  machine  hall  area 
and  the  surge  race  chambers.  The  joint  pattern  predicted  from  the  sur¬ 
face  exposures  and  the  exploratory  tunnel  proved  to  be  quite  similar  to 
that  found  in  the  site  area,  with  the  exception  to  two  narrow,  persist¬ 
ent  faults.  On  the  other  hand  a  certain  amount  of  shearing  which  was 
noted  at  boundaries  between  granite  and  gneiss  did  not  occur  in  the 
actual  excavation. 

Diamond  drilling  has  also  been  used  successfully  in  evaluating 
the  effects  of  underground  nuclear  detonations  (See  Chapter  V). 


Aerial  Photography 


In  its  relationship  to  geology  aerial  photography  is  employed  to 
interpret  various  land  forms  for  mapping  of  surface  geology,  and  more 
importantly,  in  relation  to  the  present  study  to  identify  rock  types 
and  rock  structures  where  they  are  adequately  expressed  in  earth  sur¬ 
face  features.  The  reader  is  referred  to  works  on  this  subject  for  the 
details  of  theory  and  its  application. 


Rock  Types 

As  pointed  out  earlier  in  this  report,  rocks  may  be  classified  as 
igneous,  sedimentary  or  vnetamorphic .  It  is  noted  that  each  of  these 
genetic  classes  covers  a  broad  variety  of  rock  types  having  generally 
typical,  but  specifically  different  modes  of  occurrence,  gneiss,  types 
of  source,  physico-chemical  environment  during  solidification,  altera¬ 
tion,  or  deposition  and  physico-chemical-mineralogical  nature  after  for 
mation.  Lueder?  proposes  that  rock  classifications,  based  upon  petro¬ 
logy  and  petrography  support  the  suggestion  that  aerial-photographic 
techniques  can  be  used  to  aid  petrologic-petrographic  surveys.  It  is 
also  pointed  out  that  there  has  been  only  a  little  work  done  (1959)  on 
the  true  photographic  patterns  of  specific  rock  types.  Because  of  var¬ 
iations  in  the  dominant  mineral  it  is  proposed  that;  igneous  rocks  may 
have  different  responses  to  weathering  that  will  be  reflected  in  differ 
ences  in  land  form,  detailed  surficial  texture,  drainage  pattern,  frac¬ 
ture  and  weather  patterns,  etc.  Colors  of  rock  may  also  offer  a  means 
of  identification,  and  granitoid,  felsitic,  stratified,  soluble  lime¬ 
stones,  shales  and  other  types  of  rock  have  been  found  in  manycases  to 
exhibit  characteristic  textures  and  patterns  in  aerial  photographs. 
Metamorphic  rocks,  in  general,  resemble  the  characteristics  of  rocks 
from  which  they  were  formed.  Only  a  few  rocks  such  as  some  slates,  ser 
pentines  and  quartzites  exhibit  any  typical  air-photo  criteria. 
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Structural  Geology 

Many  of  the  features  of  geologic  structure  which  intersect  the 
surface  may  be  detected  on  an  aerial  photograph. 

7 

Faults  .  Fault  interpretation  is  based  on  one  or  more  of  the 
following  criteria. 

1.  A  persistent  linear  (linear  feature  of  landscape)  usually 
clearly  defined. 

2.  Linear  scarp,  usually  erosional,  but  may  be  actual  fault  scarp. 

3.  Persistent  linear  feature,  near  and  parallel  to  a  proven  fault, 

4.  Offsetting  of  pattern  of  linears,  with  or  without  a  change 
in  trend. 

3.  Major  regional  change  in  Lithology. 

6.  Offsetting  of  bedding  linears,  outcrop  ridges,  formations. 

This  is  considered  the  most  reliable  criterion  and  it  may  be  recognized 
only  after  careful  detailed  Lithologic  study. 

Joints .  Distinguishing  between  jointing  and  faulting  is  often  dif¬ 
ficult,  Only  where  linears  intersect  clearly  visible  stratification  on 
contacts  is  reliable  determination  possible.  Joints  also  play  an  impor¬ 
tant  role  in  that  they  tend  to  "fingerprint"  a  formation  so  that  it  can 
be  traaed  or  recognized  more  readily. 

Bedding.  The  basic  factor  in  the  recognition  of  sedimentary  bedding 
is  that  the  successive  beds  usually  differ  in  their  physical  and  chemical 
properties.  Topography  in  laminated  structures  rarely  fails  to  show  the 
strong  influence  of  bedding  after  they  have  been  acted  upon  by  tectonic 
forces,  erosion,  etc.  If  the  beds  dip  steeply,  persistent  close-space 
linears  are  evident.  Prominent  ridges,  bands  of  color  tone  and  contrast¬ 
ing  weather  patterns  are  conspicuous.  Where  beds  are  flat-lying  they 
tend  to  follow  contour  patterns  and  certain  beds  become  "cliff  makers". 
Bedding  should  also  conform  with  the  regional  structure.  Where  outcrops 
are  scarce,  bedding  can  often  be  interpreted  from  indirect  evidence  such 
as  breakR  in  topography  or  changes  in  vegetation. 

Schistosity  and  Gneissosltv.  While  schists  are  highly  foliated, 
unlike  most  sedimentary  strata  they  display  more  homogeneity  of  compo¬ 
sition  and  physical  properties.  Resulting  foliation  linears  have  less 
continuity,  and  ridges  tend  to  be  small  and  closely  spaced. 

Gneisses  display  abrupt  lithologic  changes  as  do  schists,  but  to  a 
leaser  extent.  Variations  in  weathering  are  less  marked  over  wide  thick¬ 
nesses,  however. 


Summary 

In  general,  aerial  photographic  methods  are  employed  widely  for 
reconnaissance  in  geological  exploration  and  constitute  valuable  means 
of  obtaining  concepts  of  locaL  and  regional  geologic  structure.  They 
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are  employed  extensively  for  accurate  topographic  mapping,  and  when 
coupled  with  geophysical  techniques,  surface  geological  surveys  and 
subsurface  probing,  provide  by  far  the  most  efficient,  effective  means 
of  determining  geologic  structure. 
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CHAPTER  XI 


CONCLUSIONS  AND  RECOMMENDATIONS 


In  general,  it  may  be  stated  that  the  development  of  quantitative 
design  criteria  for  resisting  static  loads  in  underground  openings  has 
seen  only  a  few  initial  significant  steps  made  toward  an  effective  pro¬ 
cedure;  there  is  much  less  assurance  concerning  the  utilization  of 
existing  data  and  methods  in  design  to  resist  dynamic  loads. 


1 .  Rock  Properties 


A  great  number  of  tests  of  physical  and  mechanical  properties  of 
rocks  has  been  reported,  having  been  determined  under  a  variety  of  lab¬ 
oratory  and  field  conditions.  Their  primary  value  is  to  serve  as  a 
basis  for  further  research. 

The  ultimate  (ideal)  objective  of  research  into  rock  properties 
is  to  establish  a  procedure  whereby  the  effective  properties  of  rock 
at  a  proposed  deep  underground  installation  site  may  be  determined  by 
simple,  inexpensive  but  reliable  tests.  The  properties  of  interest 
are  those  which  determine  the  stability  of  the  overall  rock  mass  subject 
to  blast  loading,  and  under  static  conditions  as  well.  That  is,  one 
vital  portion  of  the  exploration  program  is  a  diamond  drilling  project 
which  will  provide  solid  cores  of  rock  for  testing.  Most  "standardized” 
laboratory  tests,  however,  cannot  be  employed  without  question  to  eval¬ 
uate  rock  parameters  which  can  be  utilized  for  design  purposes. 


Recommendations . 

The  most  pressing  needs  are  for  research  with  the  following  object¬ 
ives: 

a.  Determination  of  which  rock  properties  are  important  in  under¬ 
ground  design,  i.e.,  the  effective  design  properties. 

b.  Evaluate  further  possible  correlations  of  those  which  are  most 
significant. 

c.  Investigate  means  of  determining  accurately  the  value  of  rock 
parameters  which  can  be  employed  for  design  purposes,  preferably  by 
laboratory  methods.  This  includes  both  design  of  openings  and  eval¬ 
uation  of  any  properties  of  the  whole  rock  mass  which  may  affect  the 
stability  of  the  protective  Installation. 

d.  One  need  may  be  for  an  .in  situ  test  to  determine  the  utility 
of  a  site  without  need  for  elaborate  preparation  and  particularly  with¬ 
out  requiring  any  extended  period  of  time  at  the  site. 
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2 .  Structural  Engineering  Geology. 


There  are  several  good  books  on  engineering  geology  available,  but 
none  of  them  deal  extensively  with  the  subject  of  geology,  rock  proper’" 
ties  and  the  factors  related  to  deep  underground  protective  construction. 


Re  commenda  t ions . 

a.  Investigate  in  more  detail  those  principles  of  engineering 
geology  pertinent  to  the  problem  and  render  a  more  definitive  treatment 
of  this  subject. 


3.  Geology  and  Mine  Stability. 


The  chief  sources  of  information  concerning  the  relationship  of 
geology  to  the  stability  of  underground  openings  subject  to  static  and 
some  types  of  dynamic  loading  are  found  in  the  case  histories  of  oper¬ 
ating  mines,  tunnels  and  underground  power  stations.  The  most  important 
factors  affecting  the  rock  stability  in  underground  opening  structures 
are:  (1)  sise  of  openings  relative  to  structure,  (2)  faulting,  fractures 
and  joints,  (3)  weakening  or  strengthening  mineralization,  (4)  type  and 
basic  strength  of  country  rock,  (5)  destructive  alteration  and  (6)  depth. 
Most  of  the  geologic  studies  found  in  the  literature  were  made  fcr  explo¬ 
ration  purposes  and  not  to  evaluate  rock  stability  for  purposes  of  mine 
operation.  Hence,  many  pertinent  details  of  geological  engineering  inter¬ 
est  were  not  recorded  and  are  not  available  for  correlation  and  analysis. 


Rpcommpndsti ons. 


a.  A  detailed  examination  of  the  geology  of  operating  mines  with 
respect  to  its  relation  to  opening  stability  would  offer  considerable 
valuable  information  beyond  that  currently  available.  Very  few  complete 
geological  studies  to  date  have  been  made  with  respect  to  mine  stability 
problems . 

b.  Conduct  a  detailed  investigation  of  rock  bursts  in  their  rela¬ 
tion  to  the  present  problem, 

c.  A  detailed  examination  and  correlation  of  all  of  the  military 
and  civilian  underground  installations  of  the  type  most  nearly  resembling 
future  needs  should  be  made. 


4 .  'Geology  and  Stability  of  Underground  Protective  Construction. 


The  character  of  the  geologic  structure  which  constitutes  the 
environment  of  an  underground  protective  installation  is  more  critical 
than  that  for  a  mine  or  tunnel  because  of  the  possibility  of  unpredic- 
tably  high  transient  loads. 
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There  appears  to  be  considerable  difference  of  opinion  as  to  what 
the  nature  of  the  deep  cover  over  an  installation  should  be,  competent 
or  broken.  That  which  would  provide  a  significant  amount  of  attenua¬ 
tion  would  ordinarily  be  preferred,  but  the  installation  itself  should 
almost  certainly  be  in  competent  rock.  Steel,  concrete  or  timber  sup¬ 
port  will  not  resist  heavy  loads  beyond  low  or  medium  level  slabbing. 
Reflection  and  refraction  properties  are  also  important. 

The  direction  of  openings  with  respect  to  faults  plays  an  impor¬ 
tant  part  in  producing  areas  of  high  stress  concentration  in  the  rock 
near  the  opening.  Thus,  high  static  stresses  plus  a  superposed  dynamic 
stress  field  could  readily  result  in  a  rrck  burst  condition. 


Recommendations . 


a.  Conduct  an  extensive  investigation  into  the  effects  of  geologic 
structure  upon  wave  transmission  and  attenuation. 

b.  Conduct  an  intensive  investigation  into  the  effects  of  local 
geologic  structure  upon  opening  stability. 

c.  Investigate  the  effects  of  rock  alteration,  secondary  mineral¬ 
ization,  ground  water  and  related  problems. 


5.  Wave  Mechanics  and  Instrumentation. 


The  type  of  wave  of  primary  interest  deep  underground  is  the  P  wave 
or  the  dilatation  wave.  Damaging  stress  waves  are  generated  by  a  deton¬ 
ation  at  the  surface  or  from  a  subsurface  position  initially  as  a  shock. 
Although  most  underground  openings  will  be  located  at  distances  where 
the  wave  assumes  an  “elastic11  Dehavioi  ,  piessui.es,  stiaius  auu  accelem- 
tions  in  zones  from  the  position  of  the  explosive  downward  within  the 
damage  distance  are  also  of  interest.  Instrumentation  to  measure  pheno¬ 
mena  in  some  of  the  more  distant  zones  is  available,  but  for  high  pressure 
areas  there  appear  to  be  few,  if  any,  reliable  devices  available  which 
will  measure  the  important  behavior  parameters. 


Recommendations . 


a.  Make  an  intensive  investigation  into  the  feasibility  of  develop¬ 
ing  pressure  gages  which  will  measure  values  successfully  in  the  high 
pressure  ranges. 

b.  Investigate  the  attenuation  of  high  magnitude  stress  waves  in 
various  types  of  rocks  and  various  types  of  rock  media,  i.e.,  broken, 
altered,  etc. 

c.  Investigate  the  response  of  rock  materials  to  high  magnitude 
stress  waves. 
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6.  Rock  Failure. 


There  has  been  a  number  of  theories  proposed  to  explain  the  fail¬ 
ure  of  solid  materials  under  stress.  Of  these,  Griffith's  and  Mohr's 
theories  seem  to  be  the  most  generally  applied.  Some  researchers  have 
applied  the  theory  of  maximum  strain  to  rock  failure  by  slabbing. 

On  a  large  scale  the  failure  of  rock  seems  to  be  due  to  all  three 
types  of  stress,  l.e.,  compression,  shear,  and  tension.  Slabbing  accounts 
satisfactorily  for  many  of  the  observed  failure  phenomena  in  the  formation 
of  craters  by  HE  and  the  Neptune  crater.  Geologic  structure  had  some  in¬ 
fluence,  due  to  difference  in  properties  of  strata,  upon  the  limits  of 
the  fracture  zone  for  the  Rainier  event,  but  all  of  the  mechanisms  in¬ 
volved  are  not  clearly  defined.  Few  data  are  available  on  configurations 
Comparable  to  those  which  might  be  expected  from  an  explosion  over  a  deep 
protective  Installation. 


Recommendations . 

a.  Intensify  investigations  already  in  progress  on  the  relation  of 
rock  failure  to  rate  of  strain. 

b.  Investigate  the  basic  mechanisms  involved  in  rock  failure  in 
crushing,  slabbing,  fracturing,  etc.,  to  evaluate  the  relative  effects 
of  crystalline  structure  and  bonding  between  crystals  and  grains;  also 
on  a  larger  scale  to  determine  the  influence  of  geologic  structure  upon 
mechanisms  of  failure. 


7 .  Static  Stresses  and  Design  of  Openings. 


The  analyses  of  static  stresses  around  underground  openings  anu  me 
design  of  openings  are  based  primarily  upon  elastic  theory,  and,  henae 
are  limited  to  simple  symmetrical  openings  in  near-ideal  rock.  Some 
analyses  have  been  made  for  bedded  rock,  and  a  very  few  for  structures 
intersected  by  fractures,  joints  or  faults.  Experience  has  shown  that 
the  location  of  openings  with  respect  to  faults  can  be  critical. 

Static  stresses  in  the  earth's  crust  are  caused  primarily  by  body 
forces,  i.e.,  the  weight  of  the  overlying  rock.  Additional  stresses  may 
be  superposed  by  tectonic  forces  in  the  rock.  Resulting  from  these 
factors  three  types  of  stress  fields  are  postulated  and  the  preferred 
shape  of  opening  for  each  is  indicated.  The  principles  of  beam  design 
for  openings  in  stratified  rock  are  given  for  the  first  layer  of  rock 
which  acts  as  the  immediate  roof. 


Recommendations . 


a.  Extend  investigations  of  stress  distributions  for  homogeneous 
structure  to  openings  in  broken,  fractured  rock,  where  the  structure  is 
more  complex  than  in  solid  rock  or  simple  stratified  rock. 
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b.  Examine  in  more  detail  the  types  of  static  stress  fields 
which  actually  exist  in  the  earth’ b  crust  due  to  depth,  tectonic  forces, 
and  properties  of  the  rock  including  geologic  structure. 


8.  Dynamic  Stresses  and  Design  of  Openings. 


Analysis  of  pertinent  types  of  stress  waves  currently  has  been  con¬ 
centrated, upon  the  effects  of  a  step  type  wave  of  limited  horizontal 
extent  applied  to  the  surface  of  an  ideal  half  space.  The  measurement 
of  such  a  stress  wave  photoelastically,  indicates  that  the  stress  at 
the  surface  of  a  cylindrical  opening  is  multiplied  by  about  3.3  times 
the  free  stress  field. 

Cursory  comparative  analyses  of  effects  of  static  stresses  indicate 
that  an  elliptical  or  circular  cross  section  is  the  best  design  for  most 
geologic  structures.  Size  should  be  kept  as  small  as  possible,  because 
the  total  number  of  rock  defects  increases  with  size,  and  consequently 
the  probability  of  limited  failure  or  collapse  of  the  opening. 


Recommendations . 


a.  Extend  both  theoretical  and  experimental  investigations  of 
propagation  of  waves  in  a  half-space  and  their  impingement  upon  cavitiea 
of  various  analytical  and  non-analytical  shapes. 

b.  Investigate  the  parameters  involved  in  the  superposition  of 
dynamic  and  static  stress  fields. 

c.  Investigate  the  effects  of  gross  and  local  geologic  structure 
on  dynamic  stress  fields. 

d.  Investigate  the  effects  of  local  geological  structure  around 
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e.  Investigate  the  effects  of  rock  alteration  and  weathering  on 
resistance  to  failure  by  dynamic  loading. 


9 .  Similitude  and  Scaling. 


A  plot  of  the  effects  of  confined  HE  and  nuclear  explosives  shows 
that  within  reasonable  limits  true  cratering  effects  can  be  predicted  by 
the  cube  root  law.  On  a  pound  base  (rather  than  kiloton)  the  most  effec¬ 
tive  breakage,  which  includes  the  greatest  volume  broken  plus  the  highest 
probability  of  breaking  completely,  is  for  scaled  depths  of  1.25  to  3.0, 
depending  upon  the  type  of  rock.  Such  depths  should  result  in  Zone  1 
damage.  Resistance  to  cratering  appears  to  be  governed  primarily  by  two 
factors:  (1)  ability  of  the  rock  to  absorb  impact  energy,  and  (2)  the 

strength  of  the  rock. 

At  present  it  appears  that  the  safest  criterion  to  employ  in  cal¬ 
culating  survival  depth  is  to  assume  that  the  explosive  is  virtually 
unconfined . 
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Recommendations . 


a.  Conduct  a  series  of  small,  medium  and  large  scale  tests  with 
HE  to  define  more  clearly  the  parameters  involved  in  dynamic  stress 
concentration  around  deep  openings. 

b.  Conduct  a  series  of  tests  with  nuclear  devices  to  check  the 
results  of  previous  tests,  those  from  HE,  and  to  evaluate  pertinent  fac" 
tors  so  that  they  are  less  speculative  and  more  reliable  for  design 
purposes . 

c.  Investigate  the  principles  of  destressing  and  transfer  of  cri¬ 
tical  stresses  on  model  and  full  scale. 

d.  Conduct  a  series  of  model  "cratering"  tests  in  several  types 
of  rock  breaking  to  limited  free  surfaces  and  tunnels. 


10 .  Support  of  Underground  Openings. 


Timber  support  has  the  particular  advantage  in  that  it  is  able  to 
yield  considerably  before  it  fails,  and  it  can  absorb  nominal  impact 
loads.  Rigid  concrete  or  steel  support  is  satisfactory  for  static  sup¬ 
port,  but  is  not  adapted  to  resisting  high  magnitude  loads  of  long  or 
short  duration.  Certain  types  of  yieldable  steel  supports  have  been  found 
capable  of  holding  tunnels  open  while  yielding  with  increasing  resistance 
under  gradually  increasing  (squeezing)  loads.  Little  theory  or  experi¬ 
mental  data  is  available  concerning  their  behavior  under  either  static 
or  dynamic  load.  They  appear  to  offer  considerable  promise  to  increase 
possibilities  for  survival  in  areas  of  Zone  4  damage. 

Rock  bolts  will  almost  certainly  be  required  in  a  protective  install 
lation.  Their  function  in  stabilizing  rock  structures  under  static  load 
is  well  recognized  from  experience  and  experimentation.  Their  function 
in  stabilizing  rock  structures  under  dynamic  load  is  less  well  defined. 


Recommendations . 

a.  Investigate  various  types  of  design  of  flexible  support  for 
openings  subject  to  dynamic  stresses.  These  might  include  systems  such 
as  damped  elastic,  frictionally  resistant  or  hydraulic. 

b.  Investigate  the  characteristic  behavior  of  rock  bolts  under 
dynamic  loading. 


11 .  Geophysics,  Drilling  and  Aerial  Photography. 


Applicable  methods  of  geophysical  exploration  are  outlined  in  suf¬ 
ficient  detail  to  show  how  they  may  be  employed  in  the  evaluation  of  a 
possible  site  for  an  underground  installation.  Seismic  methods  appear 
to  be  the  most  usable  for  this  purpose,  although  they  may  often  be  supple¬ 
mented  with  magnetic,  gravitational  or  other  geophysical  techniques. 
Diamond  drilling  is  a  necessary  procedure  to  project  surface  geology  to 
depth  and  to  add  to  and  confirm  geophysical  findings.  Aerial  photo- 
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graphy  la  particularly  useful  for  rapid  mapping  of  new  areas,  both  for 
topography  and  surface  expressions  of  geologic  structure. 


Recommendations . 


a.  Write  a  detailed  manual  on  the  utilization  of  exploration  geo¬ 
physics  in  relation  to  underground  protective  construction. 


APPENDIX  I -A 


PHYSICAL  AND  MECHANICAL  PROPERTIES  TESTS 


Below  are  tabulated  some  of  the  standardized  materials  tests  adapted 
for  determining  the  physical  properties  of  rock.  Most  of  the  properties 
listed  in  Appendix  I-B  were  obtained  by  the  following  methods. 


Young's  Modulus. 

Two  standard  methods  are  employed  to  determine  value  of  Young's 
modulus:  (1)  static  method  and  (2)  dynamic  method. 

1  2 

Static  Method,  Cylindrical  specimens  of  rock  are  prepared  with 
the  ends  lapped  to  provide  flat  surfaces  perpendicular  to  the  main  axis. 
These  are  cut  to  a  length  of  approximately  2.5  times  their  diameter. 
Electric  resistance  strain  gauges  are  cemented  on  the  opposite  sides  of 
the  specimen  parallel  to  the  longitudinal  axis. 

The  same  test  procedure  is  followed  as  in  that  employed  to  deter¬ 
mine  compressive  strength.  The  load  is  applied  at  the  rate  of  100  lb./ 
sq.  in. /sec.  to  approximately  50  percent  of  the  compressive  strength, 
with  five  or  six  readings  of  load  and  strain  being  taken  at  evenly  spaced 
load  increments.  One  minute  halts  are  made  for  each  reading.  A  similar 
set  of  readings  is  made  as  the  load  is  released.  Six  complete  cycles  of 
loading  and  unloading  are  then  taken  to  the  50  percent  load  value,  but 
normally  data  for  these  additional  cycles  are  not  recorded.  During  the 
next  cycle,  which  is  the  seventh,  readings  are  taken  as  on  the  initial 
portion  of  the  first  cycle  and  then  the  loading  is  continued  until  fail¬ 
ure  takes  place. 

A  graph  of  the  average  stress  and  strain  values  is  plotted.  The 
secant  value  at  the  initial  load  is  an  approximation  of  the  tangent 
value  at  zero  load  and  therefore  may  be  compared  with  the  value  obtained 
by  the  dynamic  method. 

Dynamic  Method.  Young's  Modulus  may  also  be  calculated  by  deter¬ 
mining  the  frequency  ot  induced  longitudinal  vibrations  in  a  specimen 
and  substituting  these  values  and  the  numerical  density  of  rock  in  an 
appropriate  formula.  ('Dynamic  tests  of  elastic  properties  may  be  made 
all  on  one  specimen  ar.d  in  one  apparatus.)  Longitudinal  vibrations  in 
a  specimen  (drill  core/  ol  rock  wh ich  Is  suspended  by  a  clamp  at  its  cen¬ 
ter  are  measured  in  their  fundamental  frequency.  (Figure  I-A.l). 

The  longitudinal  velocity  is  given  by: 

(1)  Vl  •=  2  C,L  (I-A.l) 


where 


j  "ngi i  d ina t  velocity  of  sound 


v- 
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Figure  I -A. I.  Block  diagram  of  electronic  equipment  utilized  in  dynamic  modulus 
determination  by  the  resonant  frequency  method.  Insets  show  the  specimen  end 
configurations  for  torsional  and  longitudinal  excitation. 


I-A.3 


t'i  =  fundamental  longitudinal  frequency 
L  =  length  of  specimen  in  feet 
From  the  velocity  determined  by  (1) 

(2)  E  -  V!ap  (I-A.2) 


where 


E  =  Young's  Modulus  of  Elasticity 
p  ~  density  of  the  rock 


Vln/lnl  hd  n  f  D  }  ir  i  / 1  i  l  \; 

-  _ _ lygjv:,-  w. 

If  a  small  block  of  elastic  material  Is  acted  upon  by  two  non- 
colinear  forces  (couple)  a  shearing  stress  is  produced  and  the  body  is 
deformed.  The  modulus  of  rigidity  is  defined  as  the  shearing  stress 
divided  by  the  deformation. 

The  modulus  of  rigidity  may  be  determined  with  ease  by  a  dynamic 
method.  A  cylindrical  specimen  is  clamped  as  in  the  test  to  determine 
Young's  modulus,  and  the  fundamental  frequency  of  torsional  vibration  is 
measured.  The  torsional  velocity  of  sound  in  the  specimen  is  then  cal¬ 
culated  from  appropriate  equations. 


Tensile  Strength 

Rock  specimens  arc  tested  for  tensile  strength  in  a  standard  test¬ 
ing  machine  with  special  tension  grips  which  allow  rock  cores  to  be 
easily  adjusted  to  insure  alignment  of  the  load  with  the  axis  of  the 
test  piece.  The  rate  of  loading  is  100  pounds  per  minute.  For  rocks 
of  non-uniform  nature  this  test  yields  erratic  results,  and  tensile 
strengths  determined  from  rupture  tests  are  preferred.  (Figure  I-A.2a). 

Another  method  of  determining  the  tensile  strength  of  rock  which 
has  been  accepted  as  a  standard  test  is  the  so-called  "indirect"  or 
Brazilian  test.  This  method  was  introduced  in  France  for  the  deter¬ 
mination  of  concrete  tensile  strength.  A  compressive  load  is  applied 
perpendicular  to  the  diametrically  opposite  generatrices  of  a  rock 
cylinder  as  shown  In  Figure  I-A.2b,  Care  must  be  taken  that  the  com¬ 
pressive  loading  is  uniform  over  the  length  of  the  cylinder.  Assuming 
elastic  behavior,  the  diametral  plane  connecting  the  generatrices  under 
load  is  subjected  to  a  uniform  tensile  stress  over  more  than  807»  of 
its  area,  given  by 


a  -  (I-A.3) 

Failure  occurs  when  the  tensile  strength  is  exceeded  and  the  specimen 
splits  into  two  equal  halves.  Corrections  can  be  calculated  to  account 
for  the  fact  that  the  compressive  loading  is  actually  applied  over  a 
finite  area  rather  than  a  single  line.  However,  -.luce  these  corrections 
are  generally  less  than  live  percent  they  arc  seldom  employed. 
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Although  a  compressive  stress  exists  at  right  angles  to  the  tensile 
stress  calculated,  its  influence  on  failure  is  relatively  insignificant 
due  to  the  relative  weakness  cf  rock  in.  tension. 

In  concrete  testing,  a  tensile  test  is  sometimes  performed  with  the 
configuration  depicted  in  Figure  I-A.2c.  It  can  be  seen  that  this  test 
differs  from  the  indirect  test  above  in  that  the  specimen  possesses  a 
central  hole.  This  hole  provides  a  tensile  stress  concentration,  and 
as  a  result  the  failure  of  the  specimen  generally  originates  at  the 
central  hole.  Since  calculation  of  the  failing  stress  in  this  case  is 
even  more  sensitive  to  the  elastic  nature  of  the  material,  and  due  to 
the  difficulty  of  forming  rock  specimens  of  this  type,  this  method  has 
not  received  general  acceptance  in  rock  property  testing. 


Modulus  of  Rupture 

The  modulus  of  rupture  is  defined  as  the  tensile  stress  in  the 
extreme  fibre  of  a  beam  computed  by  the  familiar  flexure  formula 
Me 

0  =  —  .  The  testing  procedure  involves  the  preparation  of  6-inch  spe¬ 
cimens  which  are  placed  on  knife  edges  5  inches  apart.  The  load  is  then 
applied  at  the  center,  the  load  being  increased  until  the  specimen  fails. 
The  lower  section  of  the  test  beam  is  in  tension  and  a  normal  failure 
results  in  the  rock  breaking  at  the  lower  fibre.  (Figure  I-A.3). 


Compressive  Strength 

Tests  of  compressive  strength  of  rocks  are  made  according  to 
ASTM  standards.  Specimens  are  cut  with  their  length  equal  to  their 
diameter  to  avoid  column  effects,  the  ends  are  carefully  lapped  to  insure 
that  they  are  smooth  and  parallel  and  then  they  are  tested  in  a  standard 
testing  machine.  (Figure  J-A.4). 


Scleroscope  Hardness 

A  Shore  Scleroscope  indicates  the  Scleroscope  hardness  of  a 
substance  by  the  height  (or  an  arbitrary  scale  of  0  to  120  divisions) 
of  rebound  of  a  diamond  pointed  (pin-point  -  0.03  in2)  hammer  which  is 
diopped  vertically  on  the  .tost  surface.  The  impact  of  the  point  may 
produce  some  crushing  of  a  microscopic  nature,  but  this  may  be  neglected 
for  practical  purposes.  Data  may  be  reproduced  on  a  very  non-homogeneous 
rock  by  an  observer  making  at  least  fifty  readings  over  a  small  surface. 
By  comparison  with  values  for  rocks  in  Appendix  I-B,  a  soft  steel  block 
exhibits  a  hardness  measurement  of  26, 


Abrasive  Hardness 


This  test  employs  a  rotating  abrasive  wheel  or  plate  against  which 
two  inch  diameter  specimens  are  held  al  constant  pressure.  Silicon 
carbide  powder  is  fed  continuously  onto  the  rotating  circular  plate  and 
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the  specimens  are  abraded  for  a  given  number  of  revolutions  of  the  plate. 
The  weight  of  material  lost  is  determined  and  the  abrasive  hardness  cal* 
10"a 

culated  from  where  Hj  is  the  abrasive  hardness  and  is  the 

weight  of  material  abraded  in  lb/sq.  in,  per  revolution. 


Impact  Toughness 

This  method,  known  as  the  Page  impact  test,  involves  determination 
of  the  impact  toughness  of  a  rock  by  dropping  a  weight  from  successively 
greater  heights  upon  a  plunger  in  contact  with  a  rock  specimen,  until 
such  a  height  is  reached  that  the  specimen  is  fractured. 


Apparent  Porosity 

This  characteristic  is  defined  as  the  ratio  of  the  volume  of  open 
pore  space  in  the  specimen  to  the  exterior  volumes.  It  is  obtained  by 
measuring  the  difference  in  weight  of  a  rock  which  is  dessicator  dried 
and  when  water  saturated.  The  porosity  of  a  rock  so  determined  is  also 
an  indication  of  its  granular  structure. 


Apparent  Specific  Gravity 

This  property  is  determined  by  the  standard  method  of  dividing  the 
weight  of  a  rock  by  the  weight  of  an  equal  volume  of  water.  The  term 
"apparent  specific  gravity"  is  used  because  water  cannot  penetrate  the 
closed  pore  spaces  inside  of  the  rock,  and,  hence,  the  specific  gravity 
measured  by  water  displacement  methods  includes  the  effect  of  internal 
pore  spaces  as  well  as  that  of  the  constituent  minerals. 


Strength  of  Rock  Samples  of  Irregular  Shape. 


The  use  of  rock  samples  of  irregular  shape  could  greatly  reduce 
the  time  and  labor  involved  in  physical  testing.  Investigations  in  the 
United  States  have  been  performed  primarily  on  diamond  drill  cores, 
although  considerable  work  has  been  done  with  cubical  specimens.  In 
most  instances  it  has  been  felt  that  smooth  parallel  surfaces  are  nec¬ 
essary  for  contact  with  loading  heads.  When  results  have  been  incon¬ 
sistent  error  has  often  been  attributed  to  improper  preparation  of  the 
test  specimens.  Protodyakonov^  has  presented  the  following  summary 
of  methods  of  determining  rock  strengths  based  on  irregularly  shaped 
rock  samples.  These  methods  will  undoubtedly  find  considerable  use  in 
the  United  States. 


The  results  of  tests  performed  on  irregular  specimens  are  more 
widely  dispersed  than  those  from  regular  specimens  and  therefore  a 
greater  number  of  samples  is  required  to  obtain  the  same  degree  of 
accuracy  for  the  average  strength.  Even  considering  this  additional 
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number  of  tests  required  the  total  labor  involved  for  strength  evalua¬ 
tion  of  a  rock  is  considerably  reduced. 


Tensile  Strength 

Three  separate  methods  for  determining  the  tensile  strength  of 
irregularly  shaped  pieces  of  rock  have  been  proposed. 

Direct  Tensile  Test.  A  sample  of  irregular  shape  is  embedded  in 
cement  between  two  metal  dies,  leaving  a  narrow  transverse  slit  between 
the  dies  (Figure  I-A.5a).  The  dies  are  pulled  in  a  universal  testing 
machine  until  the  specimen  fails.  Carbon  and  white  paper  are  pressed 
to  the  sample  to  obtain  the  rupture  surface  outline.  The  area  of  the 
rupture  surface  is  then  measured  with  a  planlmeter .  The  average  resist¬ 
ance  to  lateral  extension  is 


a 


t 


(I-A.4) 


when  Pt  is  the  tensile  load  and  A  is  the  rupture  surface  area.  This 
method  has  some  disadvantages:  the  possible  existence  of  a  bending 
moment  owing  to  non-centered  loads  on  the  sample,  with  resulting  lowering 
of  apparent  strengths,  and  it  is  limited  to  rocks  whose  strength  is  less 
than  that  of  cement.  It  also  involves  a  time  delay  due  to  the  period 
required  for  setting  of  the  cement. 

Indirect  Tensile  Test.  Pieces  of  rock  are  chosen  whose  volumes  do 
not  differ  by  more  than  a  factor  of  two,  and  whose  sharp  edges  have  been 
removed.  These  specimens  are  placed  between  platens  of  a  compressive 
testing  machine  and  crushed  (Figure  I-A.5b),  The  sample  normally  rup¬ 
tures  along  a  plane  connecting  the  points  of  loading.  The  failure  is 
assumed  to  be  due  to  uniform  tension  applied  across  this  surface.  The 
area  ot  the  surface  of  rupture  is  approximately  equal  to  V  the  volume  of 
the  sample  raised  to  the  2/3  power  with  the  result 


a 


t 
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where  is  the  compressive  load  at  failure. 

Failure  of  a  Ring,  A  piece  of  rock  of  an  irregular  shape  is  pre¬ 
pared  by  drilling  a  central  hole  through  it.  A  perforated  tube  within 
a  rubber  casing  is  inserted  in  the  sample  (Figure  I-A.5c).  Oil  is 
injected  into  the  tube,  which  produces  a  uniform  pressure  inside  the  sam¬ 
ple.  After  the  sample  has  been  broken,  its  inner  radius  r  and  outer  radius 
R  are  measured.  The  tensile  failure  stress  is  computed  assuming  that  a 
crack  first  appears  on  the  inner  radius  of  the  sample,  gradually  devel¬ 
ops  until  it  reaches  the  center  of  thickness  of  the  sample,  at  which 
time  instantaneous  failure  takes  place.  The  formula  so  derived  is  obtained 
from  Lame's  formula  for  thick-walled  cylinders  taking  into  account  the 
appearance  of  the  first  crack,  giving 


2 , 69R 


a  - 


Z 


P 


max 


(I-A.6) 


I-A.9 


Figure  I-A.5.  Configuration  of  tensile  tests  performed  by  Russian 
investigators  on  irregularly  shaped  specimens,  (a)  Indirect  tensile 
test,  (b)  Ring  test,  (c)  Direct  tensile  test. 
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Combined  Compression  and  Shear. 

Tests  to  determine  the  strength  of  irregular  rock  specimens  under 
combined  shear  and  compressional  stresses  utilize  specimens  mounted 
between  two  dies  in  a  concrete  matrix  (Figure  1-A.6).  The  narrow  slit 
between  the  two  dies,  which  makes  an  angle  a  with  the  applied  compressive 
load,  controls  the  failure  plane.-  The  stresses  at  failure,  where  F  is 
the  area  of  the  failure  surface,  become; 


a 


P  cos  a 
F 


(I-A.7) 
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P  sin  a 
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Combined  stress  tests  such  as  these  permit  inexpensive  definition  of 
Mohr's  envelope  for  a  particular  rock  type. 

In  all  of  the  methods  of  testing  irregularly  shaped  specimens  selec¬ 
tion  is  according  to  weight  rather  than  dimensions.  The  only  sample 
preparation  is  a  smoothing  of  the  sample  by  removing  sharp  edges  with  a 
hammer. 


In  Situ  Determinations 


4 

Seismic  .  in  preparing  the  test  sites,  a  series  of  shallow  holes 
1%  in.  in  diameter  was  drilled  8  inches  deep  in  line  vertically  from  a 
free  surface;  the  outer  holes  on  one  or  both  ends  were  used  as  shot  holes. 

Gages  were  positioned  in  holes  from  50  to  450  feet  from  the  shot 
holes  with  mounts  consisting  of  various  shaped  steel  members  welded  to 
6- inch-long  studs  grouted  in  the  holes.  The  gageB  were  oriented  to  meas¬ 
ure  particle  motion  perpendicular  to  a  Line  from  the  shot  hole  to  the 
gage  position.  Particle  velocity  gages  and  accelerometers  with  low  cross- 
axial  sensitivities  were  used  and  signals  from  them  were  amplified  and 
recorded  on  a  magnetic  tape  recorder. 

In  each  test  series,  high  explosive  charges  were  detonated,  trial 
shots  being  used  to  determine  proper  attenuator  settings  for  preamplifi¬ 
cation.  Other  shotj  were  fired  for  several  purposes:  (l)  to  determine 
optimum  charge  size  for  proper  resolution  of  shear  wave  arrivals,  (2)  to 
vary  travel  paths  and  (3)  to  establish  reproducibility  of  wave  arrival 
times  and  wave  forms.  Preliminary  charge  sizes  varied  from  0.06  lb.  to 
0.4  lb. 


Regular  electric  blasting  caps  were  used,  a  chronograph  contactor 
being  inserted  witli  the  cap  into  the  explosive  charge  to  give  an  electri¬ 
cal  pulse  at  detonation  or  zero  time.  Arrival  times  of  longitudinal  and 
shear  waves  were  measured  on  the  records  from  this  zero  time. 

Tests  were  conducted  by  the  Bureau  of  Mines  in  two  rock  types.  The 
first  test  was  in  an  underground  opening  at  a  depth  of  about  800  feet  in 
a  massive  salt  dome.  A  total  of  9  shot  holes  and  6  gage  holes  was  drilled 
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Figure  I-A.6,  Combined  compression  and  shear  test  configuration 
as  applied  to  irregularly  shaped  specimens  by  Soviet  engineers. 
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in  the  floor  of  a  drift.  Gage  mounts  were  simple  L-shaped  members  welded 
to  studs  with  gages  fastened  to  the  upright  part  of  the  ell  and  oriented 
to  measure  transverse  motion.  Optimum  charge  sizes  for  definition  of  shear 
wave  arrivals  in  salt  were  found  to  be  from  0.1  pound  to  0.05  pound  over 
travel  paths  in  salt  from  100  to  450  feet. 

In  more  extensive  tests  conducted  in  a  granite -gneiss  outcrop,  the 
same  gage  types  and  recording  system  were  used.  Shot  holes  were  used  on 
both  ends  of  the  array  to  minimize  local  velocity  variations.  Gages  may 
be  oriented  to  measure  radial,  vertical,  and  tangential  components  of 
particle  velocity  and  acceleration.  Elastic  constants  of  field  tested 
materials  may  be  determined  in  the  laboratory  using  standardized  test 
procedures.  (See  Chapter  I  for  mathematical  formulae  used  to  convert 
velocity  measurements). 

Load  Bearing  Tests'*.  Load  bearing  tests  are  being  utilized  to  an 
increasing  extent  as  a  source  of  information  for  the  design  of  heavily 
loaded  surface  structures  such  as  dams  and  highways.  Where  load-bearing 
capacity  is  low  and  where  deflections  under  load  must  not  vary  apprecia¬ 
bly  over  the  foundation,  it  has  been  considered  essential  that  the  physi¬ 
cal  characteristics  of  the  foundation  rock  be  investigated  as  a  part  of 
the  design  procedure. 

Load  bearing  testa  have  supplanted  seismic  tests  where  the  foundation 
rock  is  in  a  highly  shattered  condition.  Consolidated  and  plastic  flow, 
which  might  be  expected  under  longterm,  high  intensity  static  loads,  may 
not  be  detected  by  dynamic  tests,  particularly  where  the  path  of  the 
shock  wave  is  through  saturated  material.  Dynamic  tests  conducted  in 
the  laboratory  by  the  Bureau  of  Reclamation  substantiate  this  conclusion. 
These  dynamic  tests  indicated  that  water-filled  joints  between  blocks 
of  concrete  had  little  effect  on  the  average  shock  velocity.  When  the 
joints  were  air-filled,  the  travel  times  were  somewhat  greater,  but 
erratic.  The  dynamic  modulus  of  dry,  shattered,  concrete  as  computed 
from  wave  velocities  was  increased  50  percent  by  saturation. 

Bearing  load  tests  may  be  divided  into  two  types,  horizontal  and 
vertical  tests.  Both  types  require  excavation  of  a  test  pit  into  the 
region  which  is  to  be  investigated.  This  test  pit  must  be  excavated 
with  a  minimum  of  blasting,  with  particular  attention  to  the  bearing 
surfaces  to  avoid  disturbance  of  the  foundation  rock. 

A  hydraulic  jack  applies  loads  to  bearing  plates  seated  against 
opposite  walls  of  the  pit  in  the  case  of  the  horizontal  tests.  The 
thrust  is  applied  6  to  8  feet  from  the  pit  floor  to  minimize  the  effect 
of  that  boundary.  Sufficiently  large  bearing  plates  eliminate  local 
failure.  Mortar  is  placed  between  the  bearing  plates  and  the  rocks  to 
secure  uniform  contact.  Deflection  of  the  load-bearing  plates  is  meas¬ 
ured  by  means  of  dial  gages  mounted  two  to  a  plate  to  get  the  average 
deflection.  Deflections  of  the  rock  outside  the  bearing  plates  is  also 
measured  with  dial  gages. 

A  hydraulic  jack,  working  against  a  dead  weight,  applies  loads  to 
a  single  bearing  plate  seated  against  the  bottom  of  the  pit  in  the  case 
of  the  vertical  tests.  Where  the  rock  is  severely  fractured,  upward 
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movement  of  the  area  adjacent  to  the  bearing  plate  is  restricted  by  use 
of  a  reinforced  concrete  mat  at  the  bottom  of  the  test  pit;  the  load 
being  applied  through  a  central  hole  in  the  mat.  Dial  gages  are  used  in 
the  same  manner  as  in  the  horizontal  tests.  Tests  are  conducted  for  per* 
iods  extending  from  a  few  hours  to  several  weeks  duration. 

The  load  bearing  tests  have  been  based  on  the  theoretical  work  of 
Boussinesq  on  the  effect  of  a  concentrated  load  on  the  plane  boundary  of 
a  semi-infinite  elastic  body.  This  work  has  been  extended  to  determine 
the  modulus  of  elasticity  of  a  semi-inf inits  solid  from  deflections 
caused  by  loading  the  rigid  die  giving 

Edie  =  °*5P(l-v2)/aw  (I-A.9) 

where  P  is  the  total  load,  v  is  Poisson's  ratio,  a  is  the  radius  of  the 
area  loaded  and  w  is  the  deflection. 

The  moduli  are  normally  computed  as  a  secant  to  the  load  deforma¬ 
tion  curve.  Since  both  consolidation  and  plastic  flow  take  place  under 
sustained  load,  as  well  as  elastic  action,  the  result  is  termed  a 
"deflection  modulus." 

The  performance  of  bearing  tests  in  tunnels,  test  pits,  and  other 
restricted  locations  requires  a  knowledge  of  the  corrections  which  must 
be  applied  to  nullify  the  effects  of  restricting  boundaries.  Theoreti¬ 
cally  it  has  been  determined  that  a  correction  of  approximately  6.5  per¬ 
cent  would  be  adequate  to  remove  the  effect  ot  rastrainL  due  to  the  side 
walls  of  the  pit  in  a  horizontal  load  bearing  test.  Since  this  factor 
is  small  compared  to  the  variability  of  test  results,  no  correction  of 
field  data  is  normally  made. 

The  load  bearing  tests  performed  to  date  have  indicated  that 
weathered  surface  rock  materials  may  have  load-deflection  characteris¬ 
tics  varying  by  several  hundred  percent  at  different  locations  separated 
by  only  a  few  hundred  feet.  Repeated  loadings  at  the  same  location 
increase  the  stiffness  of  the  rock  mass.  Although  a  direct  comparison 
of  horizontal  and  vertical  tests  is  impossible  due  to  differences  in  load 
magnitudes,  loading  duration,  and  variations  in  rock  character,  the  aver¬ 
age  values  of  deflection  moduli  from  the  same  location  have  been  in 
reasonable  agreement.  Thus  either  test  method  may  be  utilized  where  the 
rock  is  reasonably  similar  in  vertical  and  horizontal  properties. 
Generally,  the  deflection  of  the  rock  mass  is  proportionally  less  at 
higher  loads. 


Additional  Mechanical  Property  Tests  Performed  in  the  U.S.S.R. 


ProtoLyakonov"  has  reported  several  methods  of  testing  regularly 
shaped  rock  specimens  which  are  mentioned  here  because  they  are  quite 
different  from  tests  performed  for  the  same  purpose  in  the  United  States. 

Laboratory  Tests.  Figure  I -A.  7  illustrates  four  methods  of  obtain¬ 
ing  the  tensile  strength  of  regular  rock  specimens  utilized  in  the  Soviet 
Union.  In  Figure  I-A.7a,  a  sample  in  the  shape  of  a  disc  is  supported 
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along  Che  perimeter  and  loaded  at  Its  center.  The  maximum  tensile 
stress,  £s  developed  at  a  failing  load,  P,  1b  given  by  the  equation 

3P  f  ,,,  .  ,  R  ,  4mR2-(in-l)Z2  ]  . T  . 

a  =  mSF  L  4(m  +  15  ln  Z  +  - J  (I-A.10) 

where  Z  is  the  radius  of  the  load  applying  die,  h  is  the  specimen  thick- 

3 

ness,  R  is  the  effective  specimen  radius,  and  m  =  — ,  the  inverse  of 
Poisson's  ratio.  v 


The  tensile  strength  of  rock  has  also  been  determined  stretching 
a  doughnut  shaped  sample  by  means  of  a  uniform  pressure  applied  to  the 
interior  wall.  The  pressure  is  developed  between  two  coaxial  punches 
(See  Figure  1-A.7b)  acting  against  a  rosin-paraffin  putty.  The  tensile 
stress  is  taken  as 
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(I-A.ll) 


where  a is  the  pressure  applied  to  the  butt  of  the  punch. 

The  Russians  are  also  using  the  so-called  Brazilian  or  "indirect" 
tensile  test  with  a  compression  load  applied  to  rock  cylinders  placed 
on  their  sides  as  has  been  discussed  previously.  (See  Figure  I-A.7c). 
It  is  interesting  to  note  that  the  equation  relating  the  tensile  stress 
developed  to  the  applied  compressive  load,  as  used  by  the  Russians  is 
quite  different  from  that  utilized  in  the  United  States,  being 
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Modulus  of  rupture  tests  have  been  performed  using  the  configuration 
of  Figure  I-A.7d  to  apply  a  bending  moment. 


The  search  for  data  on  shearing  strength  of  rock  has  led  to  the 
adoption  of  several  tests  which  combine  both  shear  and  compressive 
strength.  In  one  test  (See  Figure  I -A. 8a)  a  prismatic  sample  is  placed 
between  two  inclined  dies  and  loaded  to  failure.  Different  combinations 
of  shearing  and  compression  stresses  are  made  possible  by  changing  the 
die  angle.  The  resulting  stresses  are 


p  cos  a 
=  Lb 


(I-A.13) 


P  sin  g 
0  “  Lb 

where  L  and  b  are  specimen  cross-section  dimensions. 


(I-A.14) 


Another  shear-compression  test  performed  combines  double  shear  by 
means  of  a  special  press  with  an  independently  applied  axial  compressive 
load,  as  illustrated  in  Figure  I-A.8b. 

Several  types  of  confined  or  triaxial  strength  tests  have  been 
reported  by  Protodyakonov .  The  simplest  of  these  tests  is  illustrated 
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Figure  X ** A .8.  Two  methods  utilized  by  Russian  Investigators 
to  produce  simultaneous  shear  and  compression  stresses* 
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in  Figure  I-A.9.  A  flat  disk  is  crushed  by  coaxial  punches  placed  at 
its  center.  The  outer  part  of  the  disk  restrains  the  central  portion. 
By  increasing  the  outer  radius  of  the  disk  the  degree  of  confinement  in 
the  central  portion  is  increased.  The  lateral  pressure  in  the  central 
part  of  the  disk  is 


R2  . 


az  =  v- 


2R" 


(I-A.15) 


Cubic  samples  have  been  placed  in  pressure  vessels  and  subjected 
to  hydrostatic  pressures  simultaneously  with  compressive  loadings,  shear¬ 
ing  loads,  or  combined  compression  shear  loads  as  shown  in  Figure  I-A.10. 
Oil  or  nitrogen  has  been  used  as  the  pressure  transmitting  fluid  with 
pressures  to  2.000  atm.  Samples  have  been  soldered  in  foil  sockets  to 
prevent  liquid  penetration. 

The  deformation  of  samples  in  a  compression  chamber  has  been  meas¬ 
ured  at  pressures  up  to  5000  atmospheres.  Samples  are  placed  in  the 
chamber  whose  deformation  with  pressure  has  been  previously  determined 
(Figure  I-A.ll).  A  transverse  steel  plate,  rigidly  connected  between 
the  sample  and  the  casing  measures  the  relative  deformation  by  means  of 
resistance  strain  gages,  and  specimen  deformation  is  then  calculated. 

Another  confined  test  performed  consists  of  a  rock  sample  which  is 
subjected  to  a  central  bending  force  simultaneously  with  hydrostatic 
pressure  of  up  to  5000  atm.,  as  shewn  in  Figure  I-A.12.  Deformation  of 
the  rock  beam  is  measured  by  means  of  a  calibrated  cantilever  steel  plate 
with  mounted  resistance  strain  gages. 

The  Soviets  have  also  performed  a  unique  dynamic  modulus  of  elasti¬ 
city  test  during  whLch  cylindrical  rock  samples  were  subjected  to  5000 
atm.  of  hydrostatic  pressure  (See  Figure  I-A.13).  A  pulse  method  of 
testing  was  employed  to  obtain  the  dynamic  modulus  of  elasticity  using 
a  piezoelectric  pickup  and  receiver  at  each  end  of  the  sample  made  of 
ammonium  dihydrophosphate.  Frequencies  of  about  100  kc/sec.  were 
employed.  Velocity  of  pulse  travel  was  used  to  compute  the  modulus  of 
elasticity  of  the  rock. 

Static  In  Situ  Tests.  Tensile  strength  of  rock  in  place  has  been 
determined  by  inserting  rods  similar  to  roof  bolts  in  drill  holes  in 
the  rock  face  and  pulling  the  rods  out  of  the  face  by  means  of  a  hydrau¬ 
lic  jack.  A  cone-shaped  cavity  is  left  in  the  rock  (See  Figure  I -A. 14). 
The  tensile  stress  developed  is  given  by 


a  = 


1 .2P 

RL 


(I-A.16) 


where  R  is  the  crater  radius  and  L  is  the  crater  depth. 

Figures  I-A.15a  and  I -A. 15b  illustrate  two  methods  of  hydraulically 
loading  pillars  left  in  place  within  an  underground  opening.  Figure 
I-A.15a  shows  a  means  of  producing  compressive  stresses  within  the  pillar 
while  shearing  and  compression  are  produced  on  the  inclined  plane  shown 
in  Figure  I-A.15b. 
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Figure  I-A.ll.  Measurement  of  rock  specimen 
deformation  due  to  hydrostatic  pressures. 


Figure  I-A.12.  Measurement  of  rock  beam  deflection  under 
simultaneous  central  loading  and  hydrostatic  pressure. 


Figure  I-A.13.  Configuration  for  dynamic  modulus  of  elasticity  test 
as  performed  by  Soviet  scientists  using  a  pulse  velocity  technique 
on  specimens  subjected  to  hydrostatic  pressures. 
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APPENDIX  I-B 


ANNOTATED  TABLES  OF  PHYSICAL  PROPERTIES  OF  ROCK 


General 


Appendix  I-B  has  been  included  to  provide  the  reader  with  a  brief 
resume  of  a  portion  of  the  existing  rock  physical  properties  data  for 
comparative  purposes.  The  following  tables  represent  neither  the  entire 
field  of  rock  types  nor  even  the  entire  span  of  physical  properties  for 
a  single  rock.  Rather,  the  attempt  has  been  made  to  summarize  the  results 
of  physical  property  tests  which  have  been  performed  which  should  have 
greatest  significance  in  underground  construction. 

Data  are  presented  in  Table  I-B.l  summarizing  the  result  of  triaxial 
compression  tests.  Table  I-B. 2  tabulates  data  from  numerous  mechanical 
and  physical  property  tests.  Tables  I-B. 3,  I-B. 4,  and  I-B. 5  present 
data  concerning  heat  capacity,  heats  of  transformation  and  thermal  con¬ 
ductivity  of  rocks,  respectively. 


Table  I-B.l  -  Triaxial  Compression  Test  Data 

Triaxial  compression  test  data  for  a  number  of  rocks  are  available 
within  this  table.  These  data  are  all  from  the  work  of  the  Bureau  of 
Reclamation.  The  greater  portion  of  these  data  were  accumulated  in  one 
table  by  R.  G.  Wuerker1,  with  current  additions  by  the  authors. 

The  results  are  presented  as  simple  analytical  expressions  which 
enable  comparisons  of  the  strengths  of  various  rocks.  Lateral  pres¬ 
sures  applied  in  these  tests  are  on  the  order  of  one-fifth  to  one-fourth 
the  uniaxial  crushing  strength  of  the  rocks. 

Triaxial  compression  test  data  are  presented  in  the  form  of  two 
empirically  determined  expressions  (1)  shearing  stress  as  a  function  of 
normal  stress  and  (2)  compressive  strength  as  a  function  of  confining 
pressure.  A  complete  discussion  of  the  test  procedures  and  method  of 
evaluation  is  given  in  the  publications  of  the  U.S.  Bureau  of  Reclama¬ 
tion^  >  ^ . 


Equation  of  Mohr's  Envelope 

Since  the  development  of  Mohr's  envelope  and  its  defining  equations 
have  been  described  adequately  elsewhere  in  this  report,  only  those  fea¬ 
tures  peculiar  to  the  data  at  hand  will  be  discussed  at  this  point. 


The  envelope,  which  is  actually  a  curve  tangent  to  each  of  the 
independently  determined  Mohr's  circles,  gives  a  mathematical  relation¬ 
ship  between  the  shearing  stress  and  normal  stress  at  a  point  within 
the  rock  at  failure.  In  these  tabulated  results,  Mohr's  envelope  is 
analyzed  as  a  linear  function  under  the  assumption  that  a  straight  line 
adequately  fits  the  data^.  The  method  of  least  squares^  was  applied  to 
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determine  the  equation  of  the  straight  line  tangent  to  Mohr's  circles. 
The  envelope  is  characterized  by  two  parameters  (1)  its  intercept  with 
the  Y  axis  which  has  been  denoted  unit  cohesive  strength,  c_,  and  (2)  its 
slope  which  is  defined  as  the  coefficient  of  friction,  tan  0.  Thus  the 
equation  of  the  envelope  relating  shear  to  normal  stress  is  given  by 

t  =  C  +  a  tan  0  (I-B.l) 

The  trtaxial  data  presented  would  be  of  questionable  value  if  con¬ 
fidence  limits  did  not  accompany  it  due  to  the  extreme  variability  of 
the  mechanical  properties  of  most  rocks.  The  minimum  deviation  of  the 
confidence  limits  from  the  envelope,  in  terms  of  shearing  strength, 
occurs  at  the  average  values  of  t  and  o  and  is  designated  as  2d.  The 
minimum  values  of  2d  art*  given  In  Table  I-B.l  following  the  envelope 
equations . 

Principle  Stress  Relationship  -  The  principle  stress  relationship 
is  presented  in  Table  I-B.l  as  a  straight,  line,  as  it  has  elsewhere  for 
concrete®*®.  Curvilinear  principal  stress  relationships  have  been  used 
by  other  authors  in  the  case  of  concrete  specimens'1  . 

The  principal  stress  relationship  is  utilized  to  aid  in  visualiza¬ 
tion  of  the  increase  of  compressive  strength  with  confinement. 

References  -  The  first  column  of  the  table  gives  the  source  from 
which  the  data  was  originally  obtained.  The  identification  symbols  of 
the  original  publications  have  been  used  where  possible. 

Numbers  with  a  prefix  (for  example:  P5464)  indicate  that  this 
is  a  sample  tested  by  the  U.S.  Bureau  of  Reclamation,  Denver,  Colorado. 

The  prefix  LR  followed  by  a  number  refers  to  the  bibliography  at 
the  end  of  the  tables. 


Table  I-B.2  -  Physical  and  Mechanical  Properties  of  Rock 

Data  pertaining  to  nineteen  rock  properties  are  presented  in  Table 
I-B.2  for  some  327  rock  tests,  from  rocks  commonly  encountered  in  mining, 
milling  and  petroleum  exploration.  The  tabulated  data  was  derived  almost 
entirely  from  the  publications  of  the  U.S,  Bureau  of  Mines  and  the  U.S. 
Bureau  of  Reclamation®* 2, ^ 16-28>  Credit  for  the  basic 
compilation  of  rock  physical  property  data  is  due  R.  G.  Wuerker^  and 
his  monumental  tables  of  rock  physical  properties.  More  recent  data 
has  been  added  by  the  authors  together  with  modifications  to  Wuerker's 
original  tables. 

The  majority  of  these  rock  properties  were  obtained  under  so-called 
"standard  conditions".  Unfortunately  the  standard  conditions  established 
by  the  Bureau  of  Mines  and  the  Bureau  of  Reclamation  are  not  always  in 
complete  agreement,  as  was  explained  in  Appendix  I-A.  All.  of  the  data 
presented  were  obtained  from  laboratory  measurements.  A  brief  explana¬ 
tion  of  the  data  included  in  Table  I-B.2  follows. 
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Source .  Column  1  gives  the  reference  from  which  data  were  obtained. 
The  identification  symbols  of  the  original  publications  were  used  where 
possible.  Decimal  number  identifications  with  numerals  to  the  rigftt  of 
the  decimal  point  which  are  less  than  500.0  are  the  sample  identification 
of  the  U.S.  Bureau  of  Mines.  They  are  the  key  to  a  reference  system 
which  includes  area  location,  drill  hole  location,  and  position  of  the 
specimen  along  the  drill  hole. 

Whole  numerals  greater  than  500  refer  to  test  numbers  assigned  by 
Allis-Chalmers  Manufacturing  Company  to  samples. 

Test  data  with  a  prefix  P-  refer  to  samples  tested  by  the  U.S.  Bur¬ 
eau  of  Reclamation,  Denver,  Colorado. 

The  prefix  LR-  followed  by  a  number  refers  to  a  source  report  inclu¬ 
ded  in  the  bibliography  accompanying  these  tables  in  which  the  particular 
test  data  is  tabulated. 

Type  of  Rock.  Rock  types  are  listed  alphabetically  using  the  nomen¬ 
clature  of  the  original  reports.  Some  of  the  rocks  which  are  recognized 
under  more  than  one  name  are  cross-referenced. 

Static  Elastic  Constants.  The  secant  modulus  of  elasticity  in  com¬ 
pression  is  presented  here.  The  stress  range  over  which  the  secant  was 
drawn  is  indicated  in  column  (4),  the  average  secant  modulus  in  column 
(5)  and  the  range  between  highest  and  lowest  values  in  the  set  of  tests 
in  column  (6). 

Poisson's  ratio  was  determined  directly  as  the  ratio  of  lateral  to 
longitudinal  strain  and  is  tabulated  in  column  (7). 

Dynamic  Elastic  Constants.  The  average  modulus  of  elasticity  as 
recorded  in  column  (8)  was  obtained  by  measurement  of  either  the  reso¬ 
nant  flexural  or  longitudinal  vibration  frequencies.  It  is  beyond  the 
scope  of  this  appendix  to  differentiate  between  these  methods.  Chapter 
I  contains  a  thorough  discussion  of  the  relative  merits  of  different 
test  methods,  while  Appendix  I-A  describes  individual  test  techniques. 

The  references  at  the  end  of  this  appendix  should  be  consulted  where 
knowledge  of  the  specific  details  of  a  particular  test  is  required. 

Column  (9)  contains  the  tabulated  values  of  the  range  of  variation 
of  test  results  for  a  rock  sample. 

The  dynamic  shearing  modulus  (dynamic  modulus  of  rigidity)  presented 
in  column  (10)  was  calculated  from  measured  frequencies  of  resonant  tor¬ 
sional  vibration  of  rock  cores. 

Poisson's  ratio  as  determined  dynamically  is  not  measured  directly, 
rather  it  is  calculated  by  means  of  the  relationship 

V  -  fr  -  1  (I-B.2) 


where  v  is  Poisson's  ratio 

E  is  the  modulus  of  elasticity 
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G  is  the  modulus  or  rigidity 

It  is  apparent  that  errors  in  the  dynamic  elastic  moduli  result  in 
disproportionately  larger  errors  in  Poisson's  ratio. 

Specific  damping  capacities  of  the  various  rock  specimens  are  tabu¬ 
lated  in  column  (12).  Specific  damping  capacity,  the  ratio  of  energy 
dissipated  per  cycle  of  vibration  to  total  energy  input,  is  generally 
calculated  from  the  width  of  the  resonance  curve  at  0.707  of  maximum 
amplitude.  It  may  also  be  determined  by  means  of  the  logarithmic  decre¬ 
ment  of  free  vibration  of  the  sample. 

The  longitudinal  velocity  of  sound  waves,  column  (13),  within  the 
rock  bars  was  calculated  from  the  specimen  dimensions  and  resonant  fre¬ 
quency.  In  those  instances  where  the  longitudinal  velocity  is  not  given, 
it  may  be  approximated  by 


where  vx  -  longitudinal  bar  velocity  of  sound 
E  =  dynamic  elastic  modulus 
p  =  density  of  the  specimen 

Selected  Mechanical  and  Physical  Properties.  Grain  sizes  are  listed 
in  column  (14).  In  most  cases  grain  sizes  were  listed  in  the  original 
report.  In  those  areas  where  such  data  was  not  available,  Wuerker1  util¬ 
ized  the  following  conversion  - 

Very  fine  grained  <  1  run  (shale) 

Fine  grained  1  mm  (sandstone) 

Medium  grained  5  mm  (diorite) 

Coarse  grained  10  mm  (red  granite) 

Very  coarse  grained  >  10  mm  (salt) 

Compressive  strengths  of  rock  samples  are  listed  in  column  (15). 

The  difference  between  maximum  and  minimum  values  for  a  particular  set 
of  samples  is  given  in  column  (16). 

Tensile  strengths  are  tabulated  in  column  (17).  The  sparcity  of 
tensile  test  data  may  be  attributed  to  the  difficulty  of  obtaining  valid 
results.  Recent  improvements  in  testing  techniques  have  not  as  yet  been 
reflected  in  any  significant  accumulation  of  comparative  test  data. 

Modulus  of  rupture  data  are  presented  in  column  (18) .  These  data 
are  primarily  the  results  of  tests  in  which  bending  in  rock  beams  is 
produced  bv  a  concentrated  load  at  midspan. 

The  data  on  impact  toughness  listed  in  column  (19)  were  obtained 
from  a  modification  of  ASTM  standard  D3-18  in  terms  of  the  height  of 
drop  required  for  a  weight  to  break  a  unit  volume  of  rock.  Data  from 
modulus  of  resilience  determinations  have  been  recorded  in  column  (20) 
for  comparative  purposes.  The  modulus  of  res  11  fence  has  been  defined 
as  the  amount  of  energy  stored  by  a  unit  volume  of  material  in  being 
stressed  to  the  proportional  limit.  The  area  under  the  stress-strain 
curve  of  the  rock  sample  is  equal  to  the  modulus  of  resilience. 
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The  various  concepts  of  hardness  are  grouped  together  in  columns 
(21)  Moh 1 s  hardness.  (22)  scleroscope  hardness .  and  (23)  abrasive  hard¬ 
ness  .  Moh's  hardness  Is  presented  based  on  an  arbitrary  scale  where 
diamond  is  given  the  maximum  hardness  of  10,  and  talc  the  minimum  hard¬ 
ness  of  1.  Moh's  hardness  data  followed  by  the  code  letter  £  has  been 
derived  from  scleroscope  hardness  data  by  means  of  the  relationship 

H  =  (SH  +  26)  /19  (I-B.4) 

TD 


where  =  Moh's  hardness 

SH  =  Shore  scleroscope  hardness 

This  relationship  may  be  applied  within  the  limits  of  Moh's  hardness  of 
2-7.  Scleroscope  hardness  measures  the  height,  of  rebound  of  a  diamond 
tip  impinger  in  arbitrary  units  on  a  scale  of  140  divisions,  where  pure 
high-carbon  steel  registers  100.  Abrasive  hardness  is  expressed  in 
terms  of  the  so-called  hardness  coefficients. 

Column  (24)  summarizes  work  index  data  obtained  for  rock  specimens. 
Work  index  is  indicative  of  Lhe  energy  required  in  comminution,  and  may¬ 
be  defined  as  the  work  input  in  kw-hr  per  shoot  ton  to  reduce  the  rock 
from  the  theoretically  infinite  feed  size  to  80  percent  passing  100 
microns,  the  equivalent  of  67  percent  passing  200  mesh.  The  symbol  TO 
following  a  piece  of  test  data  refers  to  an  impact  crushing  test,  RM- 20 
to  a  rod-mill  grindability  test  at  20  mesh,  BM-200  to  a  ball  mill  grind- 
ability  test  at  200  mesh. 

Specific  gravity  of  rock  specimens  and  range  of  test  data  are  pre¬ 
sented  In  columns  (25)  and  (26),  respectively.  Rock  porosity  and  range 
of  test  data  are  tabulated  in  columns  (27)  and  (28),  respectively. 


Table  I-B.3  -  Heat  Capacities  of  Minerals  and  Rocks . 

Table  i-B.3a  is  a  compilation  of  the  heat  capacities  of  minerals 
as  tabulated  by  Goranson^.  The  minerals  were  classified  alphabetically 
according  to  the  elements  appearing  first  in  their  chemical  formulae, 
for  example  alhite  (NaAlSisOe)  is  placed  under  sodium.  Heat:  capacity 
is  given  in  terms  of  absolute  joules  per  gram. 

In  columns  3  to  8  inclusive  arc  listed  the.  instantaneous  heat 
capacities  for  the  respective  temperatures  (' C)  given  at  the  tops  of 
the  columns.  The  instantaneous  heat  capacity  of  the  material  at  T" K 
can  be  expressed  as 

c  ■=  a  t  bT  -  cT  (1-B.51 

P 

where  Cp  heal,  capacity,  j./gm. 

T  temperature,  T°K 

The  material  parameters  a,  b,  and  c  are  listed  in  columns  9,  10,  and 
11,  respectively.  The  equation  has  been  assumed  to  have  the  proper 
characteristics  for  an  interpolation  formula  above  0,J0.  The  deviations 
of  the  formula  from  the  data  and  the  temperature  range  over  which  'he 
formula  was  applied  are  given  in  column  12.  Data  references  appear  in 
the  last  column. 
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Table  I-B.3b  presents  a  tabulation  by  Goranson  of  the  heat  capa¬ 
cities  of  some  common  rocks.  He  has  stated  that  although  some  experimen¬ 
tal  data  exist  for  mean  heat  capacities  of  rocks,  these  data  are  of  uncer¬ 
tain  value.  Table  I-B.3b  consists  of  heat  capacity  data  for  rocks  which 
were  computed  from  the  heat  capacities  of  the  constituent  minerals.  The 
material  is  presented  in  the  same  order  as  that  in  Table  I-B.3a  (Heat 
Capacity  of  Minerals) . 


Table  I-B.4  -  Heats  of  Transformation  and  Fusion  of  Minerals 


2gThe  heats  of  transformation  presented  in  Table  I-B.4  are  after  Goran¬ 
son  .  In  the  first  column  the  compounds  are  listed  alphabetically  accord¬ 
ing  to  the  first  elements  of  their  chemical  formulae.  The  second  column 
contains  the  mineral  designation.  Columns  3,  4,  and  5  contain  phase 
change,  temperature  at  which  transformation  occurs  and  heat  absorbed  per 
unit  weight  during  the  transformation,  respectively.  Column  6  contains 
the  method  used  in  determining  Lhe  heats  of  transformation.  Data  were 
obtained  from  heat  content  data,  differential  heats  of  solution  data, 
freezing  point  lowering  and  thermal  analysis.  It  should  be  noted  that 
the  method  of  heat  of  transformation  determination  directly  affects  the 
accuracy  of  the  data. 


Table  I-B.5  -  Thermal  Conductivities  of  Rocks. 

The  thermal  conductivities  of  rocks  presented  in  Table  I-B.5  were 
tabulated  by  Birch-*  .  The  large  number  of  values  included  for  a  parti¬ 
cular  rock  was  obtained  from  different  investigators,  and  their  lack 
of  agreement  may  be  primarily  attributed  to  the  variation  in  mineral  con¬ 
tent.  The  values  serve  as  an  indication  of  the  possible  range  of  con¬ 
ductivity  rather  than  as  definite  figures  for  indiscriminate  use.  Con¬ 
ductivities  of  even  relatively  well-defined  material  show  considerable 
variation  as  is  exemplified  by  silica  gel,  which  measurements  by  compe¬ 
tent  investigators  have  varied  as  much  as  30  to  50  percent.  The  first 
column  in  the  table  lists  the  rock  type  and  location.  Column  2  gives 
the  temperature  at  which  conductivity  measurements  were  made,  and  col¬ 
umns  4  and  5  the  conductivity  in  cal  sec  1  cm  1  deg  1  and  watts  cm.  1 
deg  ,  respectively.  The  last  column  refers  to  references  following  the 
table.  In  those  cases  where  a  temperature  is  not  listed,  the  tests  were 
usually  performed  at  room  temperature. 
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1.2 

1.1 

2.1 

1.46 

3.00 

2.77 

4.45 

1.02 

0.70 

1.70 

1.48 

2.67 

♦  0.04 
0.04 
-0.11 
-0.07 

8 

9 

10 

9 

to 

8.4 

7.2 

9.7 

9.4 
10.2 

2  56 

12.-1 

'•  ,  fosa Uifnroua,  rad  (Ala.) 

6.46 

3.26 

3.51 

1 

12.2 

13.3 

12,5 

"  ,  ferruginous  (Ala.) 

14.3 

"  ,  slltotone  6  shale  (Ala,) 

0.725 

2S9 

'•  ,  fcrruglnoue,  weathered  (111.) 

0.19 

0.06 
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'•  ,  ferruginous,  raxllua-gra Inad  (Aril.) 

•'  ,  qunrisoac.  irodluo-grAlnsd  (Atl*.) 

0-4.0 

5.50 

2.57 

0.10 

"  ,  qv.trtaoac,  coarse-grained  (Aria.) 

0-4. 0 

5.50 

0.93 

0.50 

"  ,  medium-grained,  red  (Arts.) 

0-1.0 

0.6 

0.16 

264 

Schist,  btoritc  with  pegmatite,  low  strength 

0-2.5 

6.0 

(Colo.) 
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?65 

P3064 

"  ,  high  atrangth 

8.6 

"  Motita-rhlorito,  low  strength  (Colo.) 

767 

P50BJ 

"  ,  high  strength 

U-2.9 

9.9 

0.20 

"  ,  very  high  strength 

20‘» 

P^O-iO 

"  ,  blot  tic •sllllroanltc,  lew  attength  (Colo, 

3-0.5 

2>0 

P501’ r* 

"  .  high  strength 

”  ,  blutlte  all ! l"t*pt to 
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3.3 

1.7 
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77  2 

T'.055 

"  ,  quart-:  !n|ectlcn,  lew  strength  (Colo.) 

"  ,  high  strength 

0.5 
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2.6 

0.9 

0.44 

77.-. 

l‘V>W 

”  ,  irrlcUe,  quarteoao  (Colo.) 
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15.5 

->/a 

1  24.1 

”  ,  scricltr  (Aria.) 

1.8 

. 

27** 

i — 

LR81 

••  ,  (Frotooni  Canyon,  rfyo.) 

0-1.0 

10.0 

0.1 

0.18 

11.71 

4,40 

0.1) 

Shale,  vdlearcous  {Marble  C-anyon  Dam,  Aria.) 

0-1.2 

1 . 8 

3.6 

3.8 

278 

r*j509 

"  ,  quart  cone  (Marble  Canyor.  Dam,  Arl«.) 

0-1.2 

279 

260 
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II.  t 

"  .  (Murdock,  111.) 

•'  .  (Utah) 

1  8.44 

3.86 

0,09 
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Shale,  lillclf Led  (Utah) 

M  ,  eiiicifled  (W,  Va.) 

"  ,  aillcifled  (W.  Va.) 

"  ,  ail'ctfUU  (W.  Va.) 

"  ,  calcareous  otarlatona  (Colo.) 


"  ,  mineralised,  limestone  (Utah) 

Shonklnite,  syenite,  gnelaalc  dark  (He*  York) 
11  ,  syenite,  gnelaslc  dark  (Hev  York) 

"  ,  &  syenite  («ew  York) 

Slltatone,  &  thale  (Ala.) 

“  ,  &  alule  (Ala,) 

"  ,  sandstone  &  shale  (Ala,) 
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M  ,  (Taxaa) 

296 

18.2 

Skarn,  garnat-pyroaaoa  (New  York) 

297 

21.5 

"  ,  calcaraoua-pyro«*®a  (Saw  fork) 

298 

1,6 

Slat.,  (Pa.) 

299 

1.6a 

"  ,  parallel  to  badilag  (Pa.) 

JtW 

1.00 

"  ,  parallel  to  bedding  (n.) 

301 

7.3 

"  ,  parailal  to  bedding  (Mich,) 

302 

7.6 

"  ,  6  quart  site 

303 

•• 

" 
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Subgrayvacke,  calcaraoua  (India) 

303 

LR31 

,  slightly  calcaraoua  (India) 

306 
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"  ,  calcaraoua  (India) 

307 
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Syenite,  basic  (Ontario) 

JOB 

3.) 
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3.3 
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310 
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322 
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Concrete,  28  day*  saturated 

324 
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"  ,  (90  daya),  Cement*  aandlgravcl 

ratio  1*2. 2’> i J . 38,  v*e  Ktio  0,50 
hy  volght 
Ownt  Mortar 

Concrete,  7  daya  soliit,  21  tlava  dry, 

Cement*  aatidigravnl  -  li?, 3*3,4, 
v/il  ratio  l‘,5  by  weight 
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REFERENCES  FOR  TABLE  I-B.4 


1.  Roth  and  Trottzach,  Z.  ang.  Chem. ,  40,  198,  1936. 

2.  Computed  (K.K.)  from  AI2Q3  -  Ti02  (Bunting,  Bur,  Standards  J. 

Research,  11,  719,  1933). 

3.  Computed  (K.K.)  from  Sb2S3  -  SnS  (Parravano  and  De  Cesario,  Gazz. 

chim.  ital.,  42,  1,  1912). 

4.  Computed  (K.K.)  from  BaS04  -  Na2S04  (Calcagni,  Atti  accad.  Lincei, 

21,  483,  1912)  and  BaS04  -  K2SO4  (Calcagni,  op.  cit.;  Grahmann, 

Z.  anorg.  Chem.,  81,  257,  1913). 

5.  Computed  (K.K.)  from  CaF2  -  A1F3  (Fedotieff  and  Iljinsky,  Z.  anorg. 

Chem.,  80,  113,  1913)  and  CaF2  -  Ca3(P04)e  (Nacken,  Zentr.  Min¬ 
eral.  Geol.,  530,  1912). 

6.  Mean  computed  (R.W.G.)  from  albite-anorthite  across  diagram  (Bowen, 

slope  yields  407  j./g.  The  system,  diopside-anorthite,  yields 
370  j./g.;  leucite-anorthite  392  and  carnegieite-anorthite 

373  j./g. 

7.  Vogt,  S il Ika t s clime  1  ?, ,  1904, 

8.  White,  Am.  J.  Sci.,  28,  486,  1909  (Vogt,  Silikatschmelz,  1904,  gives 

427  ±  65  j./g.  as  the  heat  of  fusion). 

9.  Computation  (R.W.G.)  from  diopside-anorthite  (Bowen,  Z.  anorg.  Chem., 

94,  23,  1916)  yields  450  j./g.;  from  diopside-leucite  (Bowen  and 
Schairer,  Am.  J.  Sci.,  18,  301,  1929)  407  j./g.  Mean  value  taken 
as  430  j./g.  Slopes  in  systems,  diopside-forsterite,  and  diopside- 
silica,  not  accurate  enough  for  computations. 

10.  Wagner,  Z.  anorg.  Chem.,  208,  19,  1932.  The  transformation  temp. 

of  wollastonite  pseudowollastonite  is  1190  ±  10°C.  for  which  this 
value  45.5  j./g.  is  an  approximation. 

11.  Computed  from  CaSi03  -  MgSi03  (Allen  and  White,  Am.  J.  Sci.,  27,  1, 

1909). 

12.  Johnnnson  and  Thorvaldson,  J.  Am.  Chem.  Soc.,  56,  2327,  1934. 

13.  Computed  (K.K.)  from  CaS04  -  K2SO4  (Muller,  Neues  Jahrb.  Mineral. 

Geol.,  Beilage  Bd.,  30,  1,  1910;  Grahmann,  Z.  anorg.  Chem.,  81,  257, 
1913). 

14.  Computed  (K.K.)  from  CuO  -  Cu?0  (Roberts  and  Smyth,  J.  Am,  Chem,  Soc., 

43,  1061,  1921). 

15.  Computed  (K.K.)  from  Cu20  -  CuCl  (Truthe.  Z.  anorg.  Chem.,  76,  161, 

1912). 

16.  Bellati  and  Lussana  (see  under  Heat  capacity). 

17.  Computed  (K.K.)  from  Cn2S  -  CuCl  (TruLhe,  Z.  anorg.  Chem.,  76,  161, 

1912),  CngS  -  NigSa  and  Cu2S  -  Ni2S  (Friedrich,  Metall  u.  Erz, 

11,  160,  1914). 

18.  For  H.C.  see  under  Heat  capacity.  The  heat  of  fusion  calculated 

from  freezing  point  lowerings  averages  63  j./g. 

19.  Barnes  and  Maass,  Can.  J.  Research,  3,  205,  1930. 

20.  Umino,  Sci.  Repts.  Tohoku  Univ.,  18,  104,  1929;  Tammann  and  Bandel, 

Arch.  Eisenhuttenw, ,  7,  571,  1934;  Steinwehr  and  Schulze,  Z. 
Metallkde,  27,  129,  1935.  Awbery  and  Griffiths.  Proc.  Roy.  Soc. 
A174,  1,  1940.  The  Curie  point  transformation  is  spread  over  a 
temperature  interval  with  the  peak  at  755°.  The  data  are  not 
good  enough  to  indicate  definitely  whether  or  not  the  heat  capa¬ 
city  slope  becomes  infinite  at  this  temperature.  One  integration 
yields  the  value  20  j./g.  for  the  heat  of  transformation. 
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REFERENCES  FOR  TABLE  I-B.4  (Continued) 


21.  Mean  value  computed  (K.K.)  from  Fe  -  Au  (Isaac  and  Tammann,  Z. 

anorg.  Chem.,  55,  63,  1907),  Fe  -  P  (Konstantinow,  Z.  anorg. 

Chem.  66,  209,  1910)  and  Fe  -  Sb  (Kurnakow  and  Konstantinow,  Z. 
anorg.  Chem.,  58,  1,  1908). 

22.  Fricke  and  Klenk,  Z.  Electrochem. ,  41,  617,  1935. 

23.  Computed  (R.W.G.)  from  forsterite-fayalite  (Bowen  and  Schairer, 

Am.  J,  Set.,  29,  151,  1935).  Vogt  (Silikatschmelz,  1904)  gives 
356  ±  7  j./g.  for  fayalite  slag. 

24.  From  scattered  heat  content  measurements  is  222  j./g.  Mean 

value  computed  (K.K.)  from  FeS  -  Cu2S  (Bornemann  and  Schreyer, 

-m  i  .<**,,,>  u  fj*  "  TV  ”  o  Unf(>rtiirir!u  8 

737,  1905),  FeS  -  Fe  (Friedrich,  Metallurgie,  7,  257,  1910),  and 
FeS  -  PbS  (Friedrich,  Metallurgie,  4,  671,  1907)  is  257  j./g. 

Mean  taken  as  240  j./g. 

25.  Computed,  Maier,  Rapt.  Invest.  Bur.  Mines,  1934. 

26.  Mean  value  computed  (K.K.)  from  PbS04  -  Li2S04  (Calcagni  and  Marotta, 

Atti  accad.  Lincei,  21 j  II,  93,  1912),  PbS04  -  PbMo04  (Jaeger  and 
Germs,  Z.  anorg.  Chem,,  119,  145,  1921). 

27.  Schwarz  and  Sturm,  Ber.  deut.  chem.  GeB.,  47,  1730,  1914. 

28.  Mean  computed  (K.K.)  from  MgCl2  -  AgCl,  -  CaCl2>  -CdCl2j  -CuCl, 

-KCl,  -  PbCl2,  -  SnClg,  -  ZnCl2  (Mange,  Z.  anorg.  Chem.,  72, 

162,  1911)  and  MgCl2  -  BaCl2,  -  SrCl2  (Sandonnini,  Atti  accad. 
Lincei,  21:11,  634,  1912). 

29.  Computed  (K.K.)  from  MgF2  ~  Mg3(P04)2  (Winter,  Dtss.  Leipzig,  1913). 

30.  Computed  from  MgSi03  -  CaS.lOy  (Allen  and  White,  Am.  J.  Sci„,  27,  1, 

1909).  Vogt  (Silikatschmelz,  1904)  gives  524  j./g. 

31.  Computed  (R.W.G.)  from  forsterite-fayalite  (Buwen  and  Schairer,  Am. 

J.  Sci.,  29,  151,  1935).  Vogt  (Silikatschmelz,  1904)  gives  544 
±  7  j./g. 

32.  From  differential  heats  of  solution  Mulert  (Diss.  Gottingen  1912) 

got  271  j./g.  Mean  value  computed  (K.K.)  from  M11SLO3  -  MgSl03 
(Lebedew,  Z.  anorg.  Chem,,  70,  301,  1911)  and  MnSiC>3  -  MnTi03 
(Smolensky,  Z.  anorg,  Chem.,  73,  293,  1911)  is  262  j./g. 

33.  Plato,  Z.  phys.  Chem.,  55,  721,  1905. 

34.  Value  computed  (R.W.G.)  from  diopside-leucite  (Bowen  and  Schairer, 

Am.  J.  Sci,,  18,  301,  1929)  is  130  j./g.  Mulert  (Diss.  Gottin¬ 
gen,  1912)  gives  109  j./g.  as  the  diffl.  heat  of  soln.  of  glass 
and  crystal5,  at  room  temp, 

35.  Mulert,  Diss.  Gottingen,  1912. 

36.  Goranson  and  Kracek,  J.  Phys.  Chem.,  36,  913,  1932. 

37.  (a)  and  (b)  From  heat  content  data  -  see  under  Heat  Capacities. 

(c)  Troitzsch,  Diss.  Braunschweig,  1936.  (d)  Roth  and  Chall 

(Z.  Electrochem.,  34,  185,  1928)  got  239  j./g,  at  1470°C.  Roth 
and  Troitzsch  (Arch.  Elaenhuttenw. ,  6,  82,  1932/33)  got  244  + 

7  j./g.  from  differential  heats  of  solution.  Mulert  (Diss. 
Gottingen,  1912)  got  154  j./g.  as  the  differential  heat  of  solu¬ 
tion  of  amorphous  SiOg  and  quartz  at  room  tem.  (3)  This  value 
is  computed  from  (d  and  c) ,  It  is  in  substantial  agreement  with 
the  value  159  j./g.  computed  from  SiOp  -  TiO;,  (Bunting,  Bur. 
Standards  J.  Research,  11,  719,  1933)  and  the  mean  of  131  j./g. 
obtained  by  Kracek  (J.  Am.  Chem.  Soc.,  52,  1441,  1930)  from  the 
systems  studied  by  him. 
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REFERENCES  FOR  TABLE  I-B.4  (Continued) 


38.  Mean  value  computed  (K.K.)  from  Ag2S  -  AgCl  (Sandonnini,  Atti  accad. 

Lincei,  21s  I,  479,  1912),  Ag2S  -  FeS  (Schoen,  Metallurgie,  8, 

737,  1905),  and  Ag2S  -  ZnS  (Friedrich,  Metallurgie,  5,  114,  1908). 

39.  Roth  and  Bertram,  Z.  Electrochem. ,  35,  305,  1929.  (Plato,  Z.  phys. 

Chetn.,  55,  721,  1906,  gives  a  value  of  517  J,/g.) 

40.  Roth  and  Bertram  (Z.  Electrochem.,  35,  305,  1929)  data  yield  331.4 

j/g.  Some  other  data  yield  a  value  slightly  lower.  * 

41.  Computed  from  albite-anorthite  (Bowen,  Am.  J.  Sci.,  35,  577,  1913). 

42.  Computed  (R.W.G.)  from  carnegieite-anorthlte  (Bowen,  Am.  J.  Sci., 

33,  551,  1912)  and  carnegieite-kaliophilite  (Bowen,  An.  J.  Sci., 

43,  121,  1917). 

43.  Computed  from  NaaS103  -  Na2Si205  -  NaAlSi04  (Tilley,  Mineralog. 

nptrno.  Mitt..  43.  40fi.  10333. 

44.  See  references  under  Heat  Capacities.  {,&)  Neumann,  £.  pnys.  (jnern. , 

171  A,  416,  1934.  (b)  Monval. 

45.  Computed  (K.K.)  from  ZnS  -  Ag2S  (Friedrich,  Metallurgie.  5,  114,  1908). 


I-B.48 


U  <D 

a>  o  m  o 

fl  <N  rH 

Q>  q> 

P s 


O 

CM  CM  CM 


ro 


CM 


0 

I 


00 

rH 

co  <u 

4-1  T3 

X 

4J 

rH 

CM  CM 

«  ' 

CO  o> 

CM 

m  i-i 

ON 

CM 

o 

co  mj* 

rs 

■sf 

a 

•  ■ 

1 

i  i 

• 

•  • 

0 

co  m 

O 

o  m  Mf 

r> 

so 

<1*  co 

<*■  co 

CM 

H 

CM  r-l 

co 

<t  cm  co 

CM 

CM 

CM  CM 

CM  CM 

CM 

CM 

4J 

o 

•3 

§ 


t*o 

’a 


co 

t 

o 


CO 

rH  • 

o 

h-  on 

rt  B 

X 

• 

•  • 

a 

O  0 

m 

IV.  CM 

o 

o>  o 

i 

1  t 

sO 

m 

O 

o 

a 

o 

CM 

CM 

to 

« 

so  00 

CM 

OOH 

so 

CM 

Os 

m 

CO 

sO 

Mf 

rH 

o 

•  • 

*  •  • 

• 

« 

• 

• 

to 

<u 

m  m 

rv 

ON  VO  00 

sO 

vO 

m 

n 

in 

m 

m 

m 

o 

CO 

sy  *w* 

FP 

I 

H 

bl 

I 


Cl 

■a 

w 


I  o 


u 

qj  o 

< 

M 

01  <U 

2  ° 

o 

o  o 

o  o  o 

rH 

P-  u 

o  o 

<n 

sO  CO 

uo  o 

B  0 

rH  m 

rH 

d)  4J 

H 

o 

o 

CM 


O  O  O  O 

moo 

rH  CM 


O 

o 

C*S 


sO 

O 

o 


o 


n 

t c 

j-i 

o 


o 

4J 

, 

O  •  flj 

0 

w 

4 J  Id 

n 

II  **H 

0 

rv  ,£' 

cm  c«j  <n 

P 

c> 

a  -G 

> 

>s 

*  s-**  <D 

oj 

II  P  TJ 

0) 

a> 

cd 

u 

4-1 

oj  o-  oj 

u 

V) 

h 

Zi 

*->  < 

« 

Dubbeldevlei  Bore,  S.A.  (mean  of 

4  specimens)  25  6.8  28.4 


I-B.49 


f 


u 

CD 

MH 

& 


Q> 

O 

c 

0) 


ro 


in  o  r*. 

.H  »-H  eg  m 


m 


eg  co 


I 


o 


60 
(A  <U 

4J  TJ 

“*a 


rH 

VO 

»—i 

o 

m 

CD 

rH 

m 

vO  rH 

CM 

vO 

CM  <t 

ON 

< — < 

• 

• 

• 

i 

m 

CM 

o 

't 

00  CM 

rH 

rH  O 

P's 

rH 

o\  r* 

m 

VO 

CO 

ro 

CO 

CO 

CM 

CM 

CM  CM 

CO 

CO  CM 

CM  CM 

CM 

CO 

CM  CM 

CM 

CO 

CM 

CM 

CM 

a 

4-> 

O 

3 

T3 

e 

o 

u 


00 

<D 

x) 


s 


T3 

# 

0) 

o 

a 

3> 

c 

CO 

•iH 

•U 

d 

o 

o 

in 

i  6 

• 

00 

d  e 

n 

M 

QJ  (U 

a  w 

W 

a  3 

<U  4J 

9 

H 

H 

CO 


CO 

o 


i 

CM  00 

r>*  cm 

vO 

00 

m 

rH 

CM 

O 

CM 

00 

CM 

m 

o> 

r*-»  i-h 

CM 

<j*  m 

rH  00 

m 

m 

O' 

m 

o 

o> 

to 

• 

•  • 

• 

• 

» 

00 

r^» 

vO 

m 

vo  m 

00 

l-s  vO 

m  mj- 

vO 

r>K 

M3 

vD 

m 

CD 

VO 

m 

in 

o  o  o  o  o 
m  o  o  o 
h  m  n 


o  o 
o 


o  o 
o 


a  o  o  o 
moo 

1-1  CVJ 


m 

cm 


o  o  o 
o  o 

tH  CM 


o 

o 


a: 

u 

o 

« 


« — i 

o 

0  flj 

/■v 

•H 

cO 

h  a 

C0 

sD 

X> 

•H 

►o  to 

.a 

m 

to 

c 

O 

H 

d 

•rH 

r.  m 

*h  ID 

o 

o 

rH 

o 

>s 

(X  0 

• 

iH 

o 

4H 

M  4H 

e 

X> 

’4H 

•H 

>-  0 

(D  0» 

II 

CO 

rH 

JC 

>H  k 

•rl 

0 

tO 

o,  c 

cO 

CO  CD 

»-H 

4J 

o 

*H  tO 

•rl 

4H 

x. 

o 

0  ID 

d 

•  w  0) 

MH 

u 

r\ 

ex  e 

x« 

(fl  D  H 

co 

<D 

o 

W  3 

d 

*  0 

rH 

4J 

U 

MH 

tti  rH  <D 

w 

•rl 

</>  XI 

3 

U 

•rH 

nl  • 

•rl 

S  %Tj  <D 

<•0 

05 

o 

0) 

c 

CX  *3*, 

>  05 

•h 

f0 

(0  •-» 

.H 

•H 

o 

W 

cO 

#» 

Qj 

<D 

X  o 

T3 

N 

d  C/5 

u 

4J  a> 

d 

H 

rH 

c 

o 

r. 

k  V)  £ 

00 

r\  H 

<D 

0) 

o 

<v  « 

r, 

0  <D  W) 

CO 

B  to 

a 

6 

^  ai 

<b 

aj- 

<D 

d 

co  U 

Qj 

i  M 

4-1 

j*i  h  x: 

ij 

GO 

X3  CO 

<D 

XI 

N 

M  O 

•rl 

U 

•H 

o 

f-H  X 

Ph 

•H 

.•J 

4J  CQ 

rH 

0 

C 

w 

?> 

c 

U 

X* 

<0 

0$ 

to 

o 

cw 

CO 

cn 

cO 

d 

In 

u 

3 

3 

0 

O 

u 

O' 

O 

H 

I-B.50 


i 

s 


n 


Q>  01 

Ptf 


on 

CM  CM 


on  a. 
CM  CM 


CM 


rH  m 


n 


03  00 

AJ  0) 
4J  TJ 

*  ^ 

W  a  • 

k  a 

AJ 

T-J 


AJ 

O 

T3 

fl 

O 

U 


O  CO  ON 


NH  O 
CM  CM  CM 


/*S  /-s 
m  fH 


00  CO 
rH  CM 


CO  O 
rH  CO 


r-N  m 
rH  CM 
I  I 

LA  CO  .  . 
CM  CM  CM 


I 


00 

cu 


rH  O  O 


CJ 

0 

Pi 


co 


CO 


A  H  |s  O 


O  O  ON  Ox 
(M  N  H  H 


lO  o  VO 
oo  as  on 


d  y 

/-s 

rs 

M*  V©  <f 

O 

iA  00 

On 

CO  CM 

sn 

1  t  1 

LA  O  O  LA 

CO 

<t  ON 

*o 

* 

CM 

o 

on 

<t  LA 

O  rH 

O  IA  On 

00  00  A*  LA 

LA  VO 

0) 

o 

• 

• 

*  • 

•  «  i 

•  •  •  • 

• 

•  • 

2 

Cl) 

iA 

iA 

Mf 

LA 

CO  r^. 

vO  tA 

<f  <*•  Mt  St 

Ml* 

st 

d 

w 

v_^  w 

s»/ 

♦H 

AJ 

d 

0 

o 

lA 

1  u 

d  o 

CQ 

u 

>* 

1 

(U  0) 

O 

O 

O 

o  o 

O  O 

o  o 

o  o  o  o 

O 

o  o 

M 

04  M 

in 

O 

o 

CM  SO 

VO  CM 

CM  CM 

o  o  o 

o  o 

0  P 

r*H 

CM 

I 

rH  CM  CO 

rH  CM 

W 

<U  4-> 

H 

rH 

3 

a> 

u 

I 


/*V 

\ 

AJ 

CO 

CO 

>. 

CM 

O 

A 

rH 

rH 

Mr' 

o 

O  w 

• 

•  P 

d 

rH 

1  *r4 

•rH 

d 

^  1! 

VD  > 

d 

d 

ON 

ON  5 

d 

> 

00  CJ 

O  to 

> 

w 

O  A 

O  fl) 

H 

d 

O 

O  w 

•  > 

>v 

d 

•rl 

• 

d 

to 

p 

U 

c 

d 

II  * 

d 

H 

d 

ii  d 

CU  Mt 

AJ 

d 

AJ 

cu 

d  CM 

CM  £ 

« 

r 

c 

CM  d 

H-)  ^ 

A 

cu 

aj 

o 

o 

•w  a 

AJ 

SH 

n  • 

a> 

■iH 

p. 

M 

a> 

0)  01  AJ 

o> 

to 

<u 

0)  <U 

U  II 

AJ  U  H 

u 

o 

AJ 

A-»  AJ 

*H 

>>  >,  AJ 

■H 

A 

♦rl 

*H  -H 

W  OJ 

,C  A  -rH 

AJ 

AJ 

d 

c  u 

0)  -d 

u  o  w 

'H 

u 

0) 

a;  o 

t3  w 

d  d  d 

A 

o 

>v 

5>*i  *iH 

P 

U  U  Q) 

rH 

rt 

00 

(/>  e 

< 

H  H  1-4 

< 

< 

U 

0J 

ja 

41 

P 

O' 


( labrador ite)  0  4-13  17.3 

100  4.20  17.6 
200  4-34  18.2 
300  4.50  18.8 


I-B.51 


I 

u  v 
V  o 
+4  G 

G)  <U 


* 


CA 


DC 

Z) 


5  ^  ^ 


CO 

I 

o 


X 

GO  CM  O'*  lA  <■  in 

♦  •  • 

\o  r^» 


o\  cn  r-i  &> 


cn  CM  CM 
CM  CM  CM 


H  rl  H  O 
CM  CM  CM  CM 


HOOHM 

i— I  H  r— I  ^  *-M 

CM  CM  CM  CM  CM 


CM  - 
CM  - 


ON  CO 

•  t 

vo  rv 


i 

Mf 

CM 


0 

3 

oa 

a 

o 

u 


DO 

0) 

T3 


0 

CM 

o 

r- 

<N 

m 

r>H 

cn 

O  cn  Os 

*h  cn 

vO 

<*■ 

i 

T3 

• 

O 

1 — 1 

CM 

VO 

cn 

cn 

CM 

H  O  Q> 

©  o 

©  o 

O 

O  r-* 

m 

CO 

as 

O 

• 

« 

© 

• 

• 

• 

• 

i  «  • 

»  • 

•  • 

• 

•  • 

• 

« 

1 

4J 

<v 

CO 

< 

<* 

m 

m 

m 

m 

m  m  mt 

in  in 

m  m 

in 

<t  <r 

cn 

in 

G 

o 

o 

m 

• 

1  o 

• 

cd  o 

« 

i 

d 

as  as 

o 

o 

o 

o 

o 

o 

o 

o  o  o 

o  o 

o  © 

o 

o  m 

© 

H 

&  b 

o 

o 

o 

o 

o  o  o 

o 

o  o 

© 

cn  n* 

m 

0  d 

tH 

CM 

rH 

CM 

H  CM  cn 

H 

cm  <n 

W 

0)  4J 

9 

H 

3 

o 

O 

Od 


u 


o 

iJ 

-Q 


cd 

S 

4J 

d 

£ 


e 

aJ 

H 

3 


co 

J3 

td 


s 


a 

<u 

i 


cd 

d 


0) 

as 

cd 


w 

CO 

s 


w 


« 

W 

« 

jo 

d 

»rl 

o 


as 

to 

«d 

♦D 

•H 

CO 

rt 

-O 

d 

*«-4 


m 

An 

O 

O 


a)  a) 

fH  fl 

o  o 
0)  a) 
ffl  Sd 

tj  *G 
d  d 
cd  as 


3  3 


Cd  d.  fd 
cd  d  d 
M  d  M 

i-1  F  f- 


I-B. 52 


u  0 

0  O 

*  a 

0)  4) 


eg 


eg 


eg  m  o\  on  ©  o>  o  o  <o 

<t  eg  m  m  h  eg  eg  cm 


cn 


GO 

4-1 

deg 

m 

CJ\ 

CO 

<0 

oo 

r-t 

eg 

oo 

rH 

m 

'.M 

O 

in 

W 

on 

ON 

ON 

© 

rH 

4-1 

• 

• 

|i 

1 

n 

n  • 

1 

• 

« 

• 

* 

• 

• 

• 

• 

• 

« 

d 

f* 

CO 

00 

5 

CM 

eM 

<r  co  mi- 

o 

m 

CO 

eg 

» — i 

ON 

ON 

ON 

O 

O 

5c 

a 

co 

CM 

eg 

ei 

.H  M  H 
W  V 

CO 

CM 

CM 

CM 

eg 

CM 

T— 1 

»-h 

H 

CM 

CM 

4J 

o 

T> 

d 

a 


60 

*d 


I 

o 


• 

• 

00 

CO 

CO 

H 

a 

• 

• 

• 

** 

0 

r- 

Mf 

Mf 

o 

i 

1 

n 

Mf  ^ 

1 

m 

m 

co 

m 

n 

vO 

00 

pH 

• 

o 

ON 

vO 

CO 

co 

<r  oo  <f 

CM  tH 

ON 

n 

CM 

rH 

e*. 

e* 

n- 

CO 

o 

• 

• 

• 

• 

•  • 

b 

• 

a) 

00 

NO 

o 

m 

in 

CO  vO  CO 

r*.  mo 

uo 

n 

m 

in 

Ml- 

<f 

-■t 

<r 

CO 

rH 

^  N^ 

v_x 

I  u 
<d  o 

<U  0) 

&  fc! 

S  d 

<1>  4J 
H 


m 

CM 


in 

CM 


c- 

o  o 

<D  eg 


e. 

O  O  O 
vo  co  oo 


o  Q  o 
o  o 

rH  CM 


O  O  O  Q 
O  O  O 
h  pg  n 


i 

o» 


to 

c/) 

a 

VN 

X 

X 

5 

ON 

4-1 

46 

•H 

r^ 

0- 

Pi  /^V 

B 

o 

pi  y 

04 

46 

rO 

o 

l-i  'O 

46  xl 

0J 

u 

• 

o  ,-N 

U 

OJ 

id 

-p  •  a 

<L<  0 

46 

•d 

i 

w  <J  0 

44  5 

U 

n 

M  •  U 

u 

CM 

V 

n 

eg 

0}  CP  4-i 

r>-  4-i 

CO 

o 

rH 

<o 

o> 

rH 

rH 

a  *  w 

rH  03 

vD 

ft 

O 

O 

<u  a>  C 

^  d 

U) 

» 

• 

y 

>  »h  y 

y 

64 

n 

o 

W  O  S 

od  s 

d 

u 

CO  || 

II 

pJ 

CQ  *H 

d  *h 

cd 

o 

vO 

id  o 

id  o 

M 

o  c\j 

CM 

0> 

P-  CM 
W 


0)  o 

Pi  vO 

w  m 


w 

c 

o 

u 


o 

CO 

CO 

O  II  (3 

y 

in 

•H 

■d 

in 

TO  V* 

CO  *H 

c 

« 

y 

M 

•rH 

cd 

»"3  . 

d 

c 

o 

o  w  y 

t-H 

n,  d 

3 

4-1 

a; 

4H  OJ 

T3  CQ 

o  .c  X 

rH 

cd  cd 

6 

•H 

ft  O 

0) 

O  0l> 

a ) 

.  v< 

^  X 

«, 

o 

<d  _ 

3 

-  ? 

1H  C 

rH 

CO 

u 

X 

P 

H 

>  s 

46 

d  £ 

4H  o 

ii  P  y 

ft  cd 

a 

a 

cd 

cd  d 

at 

cd  a> 

*H  ^ 

46  Cd  46 

P 

c  oo 

y 

P 

rH 

Ti 

rH  0) 

X 

CD  XI 

O  X 

H(1  O.W 

•H 

U  *H 

y 

rH 

oo 

^B 

E 

•rH 

#  £  U  H 

P 

X  rH 

44 

M 

y 

rv 

* — ••• 

r-4 

» 

5? 

X  to 

to 

fi 

£ 

GO 


3 


I-B*53 


CO  0) 

u  *d 
iJ 

t>a 


CO  tO  vO  00  sO 

•  •  »  <  • 

so  oo  m  cm  o 

<f  co  co  co  co 


so  ON  nO 

^  co  co 


CM  Mf  ON  <f 
tO  -T  CO  CO 


ON 

0 

ON  ON 

H  eH 

lO 

m  < 

m 

CM 

*  • 

t-\  00 

CM  tM 

•  • 

o  <o  o 

CO  CM  CM 

i 

•  • 

ON 

CM  CM 

i  cm  tn  oo  co  O  ro  s 

•  •  •  •  •  I  • 

i  Os  oo  h*  h  on  oo 


•«4*  lO  ^  r-( 
•  •  •  • 
CM  O  ON  00 


CM  lO  00 
•  «  « 
Is*  m  *4* 


o  o  o  o  o  o  o 
o  m  o  o  o  o  o 

H  CM  fO  HN 


o  o  o  o 
moo 

i-«  CM 


°S§ 

«-l  CM 


O  O  O 
O  O 
r-i  CM 


I-B.54 


a 

o 

o 


I 

M  01 

>S  0 

2 " 


m 

cm 


O  O  r-4  *H 


3 


0) 

I 

O 


to 

rr 

03  V 

O  «H 

U  T3 

in  vo 

CM  rH 

CO  CO 

CM 

4J 

•  • 

1  1 

•  • 

• 

««  ' 

»n  cm 

Nfr  CO 

CO  o 

Mf  W 

v£>  CO 

vD  vO  iTl  CO 

Mf  Sf  CO 

CO 

_  £  fl 

CM  CM 

CM  iH 

CM  CM 

CO  CM 

CM  CO 

H  H  tH  rH 

rl  H  H  r( 

to  a 

£ 

u 

u 

a 

'd 

C 


oO 

<u 

'O 


0J 

o 


•  « 

00  V0 

tH  8 

~  » 

«  O 

<f  CM 

o 

1  1 

00 

in 

9 

1 H 

r-  cm 

<1  ON 

rH  CO 

CM 

ON 

o 

o 

•  • 

•  • 

•  • 

•  • 

• 

• 

a 

a> 

vo  m 

m  co 

in  *xf 

co  m 

vO 

a 

CO 

On  00  rv  CM 
•  •  •  • 


m 

i 

M 

W 

a 


i  o 

0)  o 

M 

<U  (U 

i*  3 

n>  w 

H 


O  O 

o 


o  o 
cm  m 
<n 


o  o 
o 


O  H  CO  N 
CO  CO  vO  N 
H  H  CM  CO 


■3 


no 

0) 

A 


0 

~ 

* 

4J 

>, 

O 

rH 

•H 

u 

rH 

4J 

(3 

S  <U 

•ri 

tH 

>>43 

a 

a 

H  W 

0 

0 

o 

i-l 

rH 

♦h 

Qj  * 

o 

•a 

»£  0) 

T3 

a 

w  Wi 

4J 

QJ 

a 

M 

QJ 

Ot 


I 


a 
a 
u 
u 
a 

n,  * 
H  no 
•*4  m 
^  «d 
A 


4J  “ 

0  W 

a  a 
a  o 

1  & 

43  QJ 

QJ 

g 

g  n 

r*  J> 

4J 

5  o 

a  - 

« 

o  o< 

\S 

1/ 

S3 

5 

£  ^ 
-  *ri 
w  X 


0 

4-i 

60 

fi 

0 

i-3 


Limestone,  dolomitic,  Queenston,  Ontario  123  3.4 

177  3.4 
254  3.3 
332  3.2 


I-B.55 


i 

U  0) 

Ql  u  co  on  on  co 

44  P  CM  CM  CM 

OJ  Qj 


O  N  h,  O 

r- 1  t-4  Mf 


vt 

<r 


&o 

W)  <D 
■U  X) 

.  4-> 

6 


1-4  o 

CM  CM 

I  /^-n  rs  ! 
CM  CO  Mf  CO 
CO  CM  CO  CM 


CO  a\  N 


O  -t  r-» 
CO  CM  CM 


on  h 

CO  CM  CM 


m  o 

on  CO  00  CM 


ON  ^  ON  \£> 
CM  CO  CM  CO 


o  in  M’ 


CO 

’o 


sj-  st-  in  <}■ 
H  rl  « — I  i—l 


X) 

ti 

6 

«j 

0) 

X> 

/'"'N 

• 

• 

O 

00 

r4 

E 

• 

• 

<d 

o 

m 

X> 

i 

/^\  i 

<u 

c 

n* 

m  cm  m 

d 

o 

• 

•  *  « 

c 

4' 

r- 

m  oo  m 

*i4 

C/I 

w 

•P 

c 

o 

u 

m 

# 

1 

o 

co 

rd 

0 

i 

M 

O-I 

M 

0) 

4) 

o 

O 

& 

H 

co 

vO 

W 

B 

d 

vJ 

a» 

44 

9 

H 

H 

MD 

CO  O  CM  CM  N  i-4 
n  vo  in  in  m 


<f  co 

00 

I  l 

CM  ON  1-4  VO 

r-  co  r>  oo 


ooo  ooo  ooo 

O  O  O  O  O0 

1-4  O'  4  1-4  CM 


n  vo  cn 
co  co  co 


Mf  o  Mf 


CM  i— I  CO 
t-H  CM  CO 


X3 

0i 

o 

X 

M 

•4 

td 

54 

O 

t-4 

td 

u 

d 

o 

d 

i-H 

•4 

o 

41 

X3 

t-4 

C 

ft 

CO 

i — 1 

4J 

O 

<d 

a 

u 

f-4 

p 

M 

<u 

o 

id 

<u 

x 

Pm 

C4 

< 

Wl 

/-s  Mt  * 

0j 

N  H  (J\ 

* 

• 

•4 

O  O  rti 

-U 

lJ 

4J 

r4  •  O 

d 

CO 

<D 

o  o 

o 

•H 

•  II  • 

E 

M 

<"N 

<d 

II  (\l 

dJ 

.M 

> 

XI  in 

u 

^  oc 

nj 

r- 

X  o 

r. 

i — i 

i—i 

^  t«  O 

.JO 

^-/ 

Vj  * 

O 

d  cd 

*4 

4) 

<3  M  II 

u 

a> 

T— < 

fl.  U 

o 

* — • 

X) 

Pj  <4(1* 

d 

Xi 

M 

►d  O  J= 

Cu 

M 

>iarble  (white),  Phillipsburg,  Quebec.  125  3.4 

170  3.4 
238  3.6 
342  3.3 


I-B.56 


W  N  Cft  « 

M  ^  N 


U  Ti 

M  ^  • 


in  <}•  r-i 


00 

a> 

ro 

X 

CM 

00 

cr\ 

o>  <j-  n* 

• 

• 

• 

/“> 

• 

1* 

0 

• 

• 

• 

0  o  • 

o 

00 

CO 

00 

X 

s* 

CO 

o> 

in 

vO 

vO  H 

CO 

CO 

r-t 

in 

-t 

in 

VO 

uo 

in  <r  co 

• 

O  vO 

CO 

r>. 

<TN  CO  O 

CO 

04 

n* 

o 

*  • 

• 

• 

•  0  o 

• 

• 

i 

<L> 

<J-  CO 

CO 

CM 

H  Os  CO 

<r 

o 

co 

CO 

r4 

1-1 

»— i 

P**  C S  \D  vD 

>  «  •  • 

o  4 


i  o 
td  o 

U 

41  07 

OO 

vO 

m  o 

o  o  o 

o 

in 

o  o 

o 

Cu  M 

H 

04 

<f  \D 

o  o 

vO 

CM 

o 

o 

0  3 
<U  *J 

H 

i-H 

iH 

CM  CO 

r-«  CM 

r-i 

CM 

■ r.  ss  a. 

(N  (0  H 
0)  td 


CL' 

0) 

rH 

td 

ns  r-t 

w 

*a 

B 

CO 

XI 

CO  C?4 

v—/ 

o 

M 

4)  B 

so 

u 

■ 

0) 

r>(  (q 

V-' 

Qi 

CD 

ru  W 

11 

G 

0 

- 

£ 

o 

to 

W)  w 

*-N  « 

CM 

o 

O'! 

• 

in 

X 

M 

**-4  *— 1 

JJ 

00 

d 

U-l 

<r 

“ 

3 

a 

O 

CO 

o 

0 

u 

td 

11 

AJ 

Tl 

o 

C 

« 

•rl 

a> 

td 

W 

4- 

•> 

• 

x 

cd 

T3 

£ 

X 

X 

VJ 

•d 

X 

ns 

07 

n. 

0, 

c 

O 

AJ 

1 

£ 

C 

II 

C 

W 

cd 

td 

•H 

<d 

T3 

p- 

td 

O 

£ 

c 

01 

►o 

M 

XI 

a 

H 

rH 

1/5 

U 

O 

ft 1 

•H 

rH 

M 

4J 

(ft 

O 

u 

O 

X 

s 

g. 

nj 

X 

u 

4h 

u 

i — 1 

X 

07 

v_v 

•a 

B 

<u 

07 

CL 

7 - t 

*H 

0 

«H 

Cl 

.Q 

0) 

td 

4J 

U 

M 

07 

u 

AJ 

rH 

07 

aj 

a 

td 

to 

►H 

td 

TD 

<4H 

o 

rj 

*H 

fH 

0J 

3 

•H 

nJ 

x 

N 

rH 

c 

rH 

td 

N 

td 

rH 

O' 

B 

a 

r- 

AJ 

4J 

<L 

o 

X 

OJ 

W 

u 

.Q 

o 

nj 

•u 

P 

H 

MH 

rj 

o 

D 

U 

td 

»H 

*o 

CD 

cCI 

rc 

z 

s 

r 

td 

a. 

trt 

o 

p 

3 

£ 

o 

cr 

ry 

Perpendicular  0  13.1  54.8 

100  10.3  43.1 

200  8.7  36.2 


I-B.57 


0\  OOOHOOlONN 

1-1  N  N  H  if  H  1-teSM 


• 

AO 

00  0) 

"C 

4J 

m  cn 
•  • 

0 

«H  O 

SO  X  fH 

vO  CM  00 

•  It*  A 

00  • 

CM  CM 

OS 

0  ^  in  H  N  H 

*,§ 

vO  10 

CO 

*<f  Mf  rH  CM 

in 

CM 

I  /*> 

OS  O  Mf 
f  i  eo  <n 


cm  /-s 

♦  M  <t 

* 

1  o  cs 

r*s.  oo  »-i  o\  in 

•  *  X  »  •  » 

osHOO'ijinHmiri 
rH  rH  vM 


+4 

cd  0 

VO 

*H  <1* 

- 

s 

u  m 
0) 

4j 

0 

W  T3 

0 

4) 

• 

d 

0 

k 

T3  03 

4.! 

0 

A 

a 

« 

PQ 

CO 

«  4J 

*d 

<n 

S 

•d 

iH 

4-»  I 

cd 

c 

O 

a>  d 

00  r 

«  s 

» 

i  -f 

Slate,  Wales 

Parallel  to  schistoslty  6.7 

Perpendicular  to  schistoslty  3.9 


I-B.58 


i 


«  o 

CO 

m 

00 

Mf 

o 

»-<  1-4  Ot 

rrt  rrt 

rrt  vO 

m  a 

0)  a> 

H 

sf 

ri 

Mf  Mt 

•O  •d" 

CO 

O 

rrt 

03  60 
rt  0) 

o 

K 

4J  T3 

Mf  P"*-  frt 

VO  00 

VO 

rt 

<7\  t*.  VO  <t 

as  m 

stf  CO 

.  «* 

*  4  4 

4  4 

4 

1 

4  4  4  4 

-  *  4 

4  • 

w  Es  • 

fl\  N  N 

»H  av 

CM 

vo  o  m 

m  irt  r*  co 

in  co 

m  rrt 

*  s 

rt 

rrt  rrt  rrt 

CM  rrt 

CM 

H  rl  H 

*rt 

rrt  CM  frt 

frt 

rrt  rrt 

rt 

> 

rt 

rt 

O 

d 

•0 

rt  • 

o  CO 

O  oj 

(0 

T3 

1 

o 

•  4 

frt 

*h  e 

4 

«  0 

CM 

rt 

• 

O 

1 

in 

d) 

4 

SO  N  rl 

cm  r>. 

N  Jv  1C 

rrt 

^  00  vO  <f 

Sf  CM 

r^. 

0 

o 

•  4  4 

4  4 

4 

4  4  4 

4 

4  4  4  4 

4  4 

4  4 

| 

0) 

C/3 

-t  <*•  <t 

m  <t 

in 

CO  co  co 

rrt  CM  vO  ^ 

rrt  CO 

CO  CM 

rt 

d 

o 

o 

w 

m 

• 

4 

1  u 

« 

rt  o 

1 

n 

H 

d)  0) 

o  o  © 

o  o 

o 

o  oo  ^ 

r*s  r*>  m  in 

rrt  rrt  CM  CM 

h- 

r*. 

W 

t  S3 

o  o 

rrt  CM 

o 

frt 

vO 

CM  00  o 
rt  H  n 

frt  rrt 

rrt 

rt  4J 

H 

H 

o 

u 

u 

rt 

rt 

frt 

u 

ri 

2 

o 

m 

rt 

-d 

rt 

*0 

s 

l-i 

0 

rt 

0 

-  2 

rt 

o 

a 

•rt 

*0  n 

frt  rt 

o 

.rt 

u 

rt 

rt  u 

P* 

rt 

rt 

0  0  rt  rt 

u  5 

CO 

a 

4J 

•rt  o  rt  rt 

0  PQ 

2 

0 

rt  ^  rt  rt 

« 

© 

o 

U  X>  Mrt  rt 

*0 

4 

rt 

00  rt 

-  0 

rt 

rt 

1  5  fi  NO 

rt 

II 

d 

o 

<j  tj  c  m  o' 

rt  rrt 

0J 

rt  co 

o 

C  0  *rt  4rt 

•rt  0  J  vO  Mt 

rrt  rt 

>  « 

•o 

2  * 

H  *H 

rt 

rt  (A  *9 

•d  o 

rt 

^  *0 
to  "0 

* 

►,  M  *  1  § 

(0  cC 
w 

rrt 

0  - 

*  0  <U 
rt  0  XI 

rt 

rt 

<5  £  u  &  *0 

to  a 

•  i 

>>  rrt 

rt  rt 

rt 

rM 

f*  <s 

rt  rt 

rt  0 

rt  P< 

H 

rt 

t— 4 

2 

rt  •* 

rt  3 

W 

w 

C/3 

03  Pm 

C/3  = 

FFFECT  OF  WETTING  AND  OF  SIMPLE  COMPRESSION  ON  THE  THERMAL  CONDUCTIVITY  OF  CERTAIN  ROCKS 


7.-B .  60 


ns; 


B 


CM 

sO 

vO 


CTk  '•o  m  O  r-^  *  •  i 

i-l  O  O'  CO  N  VA  r-:  - 


no  m  cm  o  ^  ^  Nf 


a; 


Best  Available  Copy  1 


sB 


o 


CM 


<J-  vD 


n  in  cm 
r-4  CM 


CO  O  O  H  CN  sf 
«— <  C“l  r— < 


r~)  <t  m  v£> 

N  H  r~<  CO 


o 


O  n  o  h  o  c"*  r>-  cm  <»■>  r- i  i'-- 

do  N  4  CO  n  H  Ci  vO 

m  in  n  O'  <)•  cn  <)■  <)■  <t  >-1 


i 

01 

O  >, 

^  U  6^ 
O 

Cm 


o-  cm  in 

•  •  » 

n  ro  n  o  cm 

—•  <J-  CM 


1 

O 

r~«  l~, 

r--» 

nO 

CM 

r— s 

a 

■U 

MD 

vO 

cn  n 

\D 

r—t 

NO 

r^H 

r- 

CO 

co 

3 

cu 

■ 

• 

• 

• 

• 

• 

• 

* 

CQ 

-o 

« 

CM 

CM 

CM  r-  .. 

cm 

CM 

CM 

CM 

cm 

CM 

CM 

X 


• 

cO 

O 

n 

•H 

u 

P-i 

-o 

C 

> 

c 

C 

cO 

• 

o 

cO 

> 

< 

n 

'O 

a. 

r- 1 

r— 1 

a 

>N 

c 

CO 

>-, 

'i 

o 

c 

s— < 

O 

c 

as 

10 

CrS 

c 

<1; 

o 

"C1 

C 

o 

10 

c0 

•  • 

u-< 

r- 

u 

A-S 

•H 

Q 

<D 

o 

T3 

<0 

as 

c 

c 

z 

CJ 

c 

X 

T3 

\Z 

rj 

l/j 

,% 

o 

o 

3 

o 

r— • 

O 

0 

* 

OS 

i-» 

<L> 

iw 

c 

AJ 

-O 

n 

•* 

x: 

O 

r-1 

CO 

, _ ! 

'3 

c 

CO 

3 

r~^ 

'D 

0) 

u 

} 

J3 

<L> 

o 

0i 

0! 

'O 

O 

•> 

r**< 

i-> 

X 

P 

c 

CO 

CO 

Uj 

C 

G 

5 

W 

cO 

0 

J3 

eg 

•H 

O 

x: 

. — i 

c 

rj 

►J 

X 

CO 

CO 

< 

O 

\ 


Preceding  Page  Blank 


I-B.61 


APf  if«D  'JC  I-B 

RE>  'iKENCES 


1.  Wuerker,  Rudolph  G.,  Annotatru  rabies  of  Strength  and  Elastic  Prop¬ 

erties  of  Rocks,  University  or  Illinois,  Pet.  Branch,  AIME,  Decem¬ 
ber  1956 . 

2.  U.S.  Bureau  of  Reclamation,  Vhvslcal  Properties  of  Some  Typical  Foun¬ 

dation  Rocks,  Concrete  La1-  -ratory  Report  SP-39,  1953, 

3.  U.S.  Bureau  of  Reclamation,  revised  Method  of  Interpretation  of 

Trlaxlal  Compression  Test,‘  f-r  the  Determination  of  Shearing 
Strength.  Structural  Reset rcV*  Lab,  Rep.  SP-9,  December  1946, 

Balmer,  G.,  A  General  Analy  ic  Solution  for  Mohr's  Envelope,  Pro¬ 
ceedings  ASTM,  vol.  52,  i  51,  p,  1260. 


5.  U.5.  Bureau  of  Reclamation,  Dt  termination  of  Boundary  Porosity  by 

.V.iaxlal  Compression  Test'-,  t  Concrete,  Structural  Research  Lab¬ 
oratory  Report  SP-15,  1947. 


6.  Richer  ,  F.E.,  Brandizaeg,  A.,  and  Brown,  R.L.,  A  Study  of  the  Fail¬ 
ure  or  Concrete  under  Combined  Compressive  Stresses,  Bull.  185, 
Engines,  ng  Experiment  ..tat ion.  University  of  Illinois,  Urbana, 
Ill.,  19. t 


7.  U.S.  Bureau  o  ieclamatioi  ,  Trlaxlal  Stress,  Computation  of  Mohr's 

Envelope  ns  t  ■..,..ve)  Stivcf.ural  Research  Laboratory  Report  SP-23, 
1949. 

8.  Obcrt,  L.,  Windes,  I.  o'  Duvall,  W.I.,  Standardized  Tests  for 

Determining  the  Piv.  ioc".  ropcrtles  of  Mine  Rock,  U.S.  Bureau 
Mines,  Rl  38'U.'‘l94';  .  " 


9.  Windes,  S.L. ,  Physical  V  »  attics  of  Mine  Rock,  Part  I,  U.S.  Bureau 
"Mines,  RI  4459,  1949. . ” 


10.  Windes,  S.L. ,  Physical  tru.-c  i!es  of  Mine  Rock.  Part  II,  U.S.  Bureau 

Mines,  RI  4727.  i960. 

11.  U.S.  Bureau  of  Reel,  ana  t  or.  Tens...  n  and  Triaxial  Compression  Tests 

of  Rock  Cores  from  th  ■  1 assagewe ■  ' o  Penstock  Tunnels  N-4  at 
Boulder  Dam,  Laboratory  Report  ho.  Up-  6,  1945. 


V2- 

V 


U.S.  Bureau  of  Re c lama t ir 
Monti  cello  Dam  Site.  -U.. 
No.  C-746,  1954. 


U.S.  Bureau  ot  Keclamav' 
1^  Sandstone  Core  frdm 


*r 

\ 


Report  No.  SP-.SO,  Pf  : 


■  i ,  Laboratory  '< ►  s  of  Rock  Cores  from 
ano  Pro  lee  r..  'Du  crete  Laboratory  Report 

n ,  Strengch  and  Ej,  « t  j  c  Properties  of  Navajo 
n  Canyon  Dam  Site--  y  tructural  Laboratory 
I,  1  Oct,  1951.” 


I-B.62 


APPENDIX  I-B 

REFERENCES 


14.  U.S.  Bureau  of  Reclamation,  Strength  and  Elastic  Properties  of  Black 

Canyon  Dam  Concrete  and  Rock,  Boise  Project,  Idaho,  Concrete 
Laboratory  Report  No.  SP-36,  24  November  1952. 

15.  Blair,  F.E.,  Physical  Properties  of  Mine  Rock,  Part.  Ill,  U.S, 

Bureau  of  Mines,  RI  5130,  1955. 

16.  U.S.  Bureau  of  Reclamation,  Laboratory  Tests  on  Orville.  Dam  Founda¬ 

tion  Rock  Core--Feather  River  Pro/ject--State  of  California,  Lab¬ 
oratory  Report  No.  C-876,  1958. 

17.  U.S.  Bureau  of  Reclamation,  Tests  on  Foundation  Rock  Cores  from 

Debenger  Dam  Site.  Medford  Project,  Oregon,  Laboratory  Report 
No.  C-186,  1942. 

18.  U.S.  Bureau  of  Reclamation,  Laboratory  Tests  of  Foundation  Rock 

Cores  from  Devil  Canyon  Dam  Site--Devil  Canyon  Project,  Alaska, 
Laboratory  Report  No.  C-933,  1960. 

19.  U.S.  Bureau  of  Reclamation,  Strength  and  Elastic  Properties  of  Black 

Canyon  Dam  Concrete  and  Rock,  Boise  Project,  Idaho,  Laboratory 
Report  No.  SP-36,  1952. 

20.  U.S.  Bureau  of  Reclamation,  Laboratory  Tests  of  Rock  Cores  from  the  . 

Foundation  of  Koyna  Dam,  India,  Laboratory  Report  No.  C-859,  1958. 

21.  U.S.  Bureau  of  Reclamation,  Laboratory  Tests  of  Rock  Cores  from  the 

Foundation  of  Dam  BR-9,  India,  and  Analysis  of  Load-Bearing  Tests. 
Laboratory  Report  No.  C-731,  1954. 

22.  U.S,  Bureau  of  Reclamation,  Tests  of  Foundation  Cores  for  the  Spill¬ 

way  at  Sanford  Dam--Canadian  River  Project,  Texas,  Laboratory 
Report  No.  C-718,  1953. 

23.  U.S.  Bureau  of  Reclamation,  Laboratory  Tests  of  Rock  Cores  from 

Fremont  Canyon  Tunnel  Area--Glendo  Unit--Missourl  River  Basin 
Project,  Wyoming,  Laboratory  Report  No.  C-945,  1960. 

24.  U.S.  Bureau  of  Reclamation,  Laboratory  Tests  of  Rock  Cores  from 

Bridge  Canyon  Dam  Site, --Bridge  Canyon  Project,  Arizona,  Labora¬ 
tory  Report  No.  C-786,  1955. 

25.  Chan,  Samuel  Shu  Mou,  Physical  Property  Tests  of  Rock,  Centrifugal 

Tests  and  the  Design  of  Mine  Openings,  Unpublished  master's  the¬ 
sis,  School  of  Mines  and  Metallurgy,  University  of  Missouri,  1960. 

26.  U.S.  Bureau  of  Reclamation,  Laboratory  Tests  of  Foundation  Rock  Cores 

from  Bhuiniphol  Da.r.  (formerly  Yanheel,  Yanhee  Project,  Thailand , 
Laboratory  Report  No.  C-77IA,  1959, 


I-B.63 


APPENDIX  I-E 


REFERENCES 


27. 

28. 


29. 


30. 


31. 


32. 

33. 

34. 


35. 


36. 


37. 


38. 


U.S.  Bureau  of  Reclamation,  Tests  of  Rock  Cores  from  Shasta  Dam 
Foundation,  Laboratory  Report  No.  094,  1940. 

U.S.  Bureau  of  Reclamation,  Strength  and  Elastic  Properties  of  Navajo 
Sandstone  Core  from  Glen  Canyon  Dam  Site,  Mile  15--Colorado  River 
Storage  Project,  Arizona,  Laboratory  Report  No.  SP-30,  Part  I,  1951. 

Goranson,  Roy  W.,  Handbook  of  Physical  Constants,  Section  16:  Heat 
Capacity;  Heat  of  Fusion,  G.S.A.  Special  Papers  Number  36,  January 
31,  1942. 

Birch,  Francis,  Handbook  of  Physical  Constants,  Section  17:  Thermal 
Conductivity  and  Diffusivity,  G.S.A.  Special  Papers  Number  36, 
January  31,  1942. 

Wtierker,  R ,  G  - ,  The.  Status  of  Testing  Strength  of  Rocks,  Trans.  AIMF., 
TP  3556A,  Mining  Engineering,  Nov.  1953,  1108/13. 

Geological  Society  of  America,  Handbook  of  Physical  Constants,  Spec¬ 
ial  Paper  36,  1942. 

Hand in,  J.W.,  An  Application  of  High  Pressure  in  Geophysics,  Experi¬ 
mental  Rock  Deformation,  Trans.  ASMK,  April  1953,  p.  315. 

Griggs,  D.T.,  Deformation  of  Rocks  under  High  Confining  Pressure, 

Jour,  of  Geology,  vol .  44,  p.  541-577. 


Griggs,  D.T.,  Miller,  W.B 
press ion  and  E-yens  ion 
atm  Coni  1  nlfiK  I  a'OXC > 


•  >  Dpi ~  inat.Lon  of  Yule  Marble,  Pad.  I,  Com- 
Experimen t s  on  Dry  Yule  Marble  at  10,000 
Room  Temperature,  Bull.  Ccalog.  Soc.  Am. 


vol.  62,  1951,  p.  853-862. 


Hand.!.",  J.W.,  and  Griggs,  D.T.,  Do  format  Ion  cf  Yule  Marble,  Part  II, 
Predicted  Fabric  Changes,  Bull.  (yoloc.  So'-.,  Am.,  vol.  62,  1951, 
p.  863-885. 

Turner,  F.J.,  and  Ch'lh.  C.S.,  Deformation  of  Yule  Marble,  Part  III, 
Observed  Tahiti  c  Changes  din:  to  Deformation  aL  10,000  atm.  Confining, 
Pressure,  Room  Temperature,  Dry,  Bull.  Geolog.  Toe.  Am.,  vol,  62, 
1951,  p.  887-905. 

Phillips,  D.W..  Tec  tonic's  of  Mining.  Part  IT,  Colliery  Engineering, 
vol.  281,  Aug.  ~r  10.18“ 


39.  Mielens,  R.C.,  Petrography  and  Engineering  Properties  of  Igneous 
Rocks ,  U.S.  Bureau  of  Reclamation. 

SLuecke,  K. ,  Die.  Fiuclitug  del  Nu  t  i  l  liuti  BausO  lue  (Testing  of  Build¬ 
ing  Stones)  in  ''Hnndbuch  der  Werkstoff  pruefung  (E.  Siebel,  Editor), 
vol.  3. 


40. 


1-B.64 


APPENDIX  I-B 

REFERENCES 


41.  Wuerker,  R.G.,  Measuring  the  Tensile  Strength  of  Rocks.  Trans.  AIME 

TN  253-A,  Mining  Engineering,  vol.  157,  February,  1955. 

42.  How  to  Determine  Crusher  and  r, rinding  Mill  Sizes  Accurately,  Allis- 

Chalmers  Manufacturing  Co.,  Milwaukee,  Wis.  A-C  Bull.  07  R  7995A. 

43.  Gilbert,  B.W.,  Shore  Scleroscope  Hardness  Tests  Made  on  Moh's  Scale 

Minerals  from  Talc  to  Quartz,  Inclusive,  Dept,  of  Mining  and 
Metallurgical  Engineering,  University  of  Illinois,  Urbana,  Ill. 

1954. 

44.  Gy as,  E.E.  and  Davis,  E.,  Hardness  and  Toughness  of  Rocka,  Mining 

and  Metallurgy,  vol.  8,  1927,  p.  261. 

45.  Tertsch,  H.,  Die  Festlgheitserschelnungen  dcr  Kristalle,  (Strength 

Properties  of  Crystals)  Springer  Verlag,  Vienna,  vol,  182,  1949. 

46.  Griffith,  J.H.,  Physical  Properties  of  Typical  American  Rocks.  Iowa 

Engineering  Experiment  Station,  Bull.  161,  1937. 

47.  Scott,  F.L.,  Hard  Rock  Rotary  Drilling,  The  Oil  Weekly,  7  October 

1946, 

48.  Kesler,  Clyde,  E,,  Personal  communication. 

49.  Smith,  F.C.  and  Brown,  R.Q.,  The  Shearing  Strength  of  Cement  Mortar. 

University  of  Washington,  Engineering  Exp.  Station,  Bull.  106,  1941. 

50.  Hall,  H.N.,  Compressibility  of  Reservoir  Rock,  Trans.  AIME,  vol.  198, 

1953,  p.  309. 

51.  Jones,  R.,  Testing  of  Concrete  by  Ultrasonic-Pulse  Technique,  High¬ 

way  Research  Board,  Proc.  32nd  Annual  Meeting,  1953,  p.  258. 

52.  Scott,  P.P.,  and  Bearden,  W.G.,  and  Howard,  G.C.,  Rock  Rupture  as 

Affected  by  Fluid  Properties,  Trans.  AIME,  vol.  198,  III,  1953. 

53.  Fatt,  I.,  and  Davis,  D.H.,  Reduction  In  Permeability  with  Overbur¬ 

den  Pressure,  Jour.  Pet.  Tech.,  vol.  147,  December  1952,  p.  16. 

54.  Fatt,  I.,  The  Effect  of  Overburden  Pressure  on  Relative  Permeability. 

Journ.  Pet.  Tech.,  vol.  194,  October  1953,  p,  15. 

55.  Bays,  G.S.,  and  Taylor  F.,  With  Increasing  Depths  --  Comes  What?, 

Oil  Weekly,  9  May  1938. 

56.  Payne,  L.L.,  and  Chippendale,  W. ,  Hard  Rock  Drilling,  The  Drilling 

Contractor,  June  1953,  p.  58. 


I-B.65 


APPENDIX  I-B 

REFERENCES 


57 .  Tentative  Method  of  Test  for  Fundamental  Transverse  and  Torsional 

Frequencies  of  Concrete  Specimens,  ASTM  Standard  C  215-52  T. 

58.  Kesler,  C.E.,  and  Chang,  T.S.,  Review  of  Sonic  Methods  for  the  Deter¬ 

mination  of  Mechanical  Properties  of  Solid  Materials,  University 
of  Illinois,  Department  of  Theoretical  and  Applied  Mechanics,  Report 
54. 

59.  Kesler,  C.E.,  and  Higuchi,  Y.,  Determination  of  Compressive  Strength 

of  Concrete  by  Using  Its  Sonic  Properties,  Proc.  ASTM,  vol.  53, 

1953,  p.  1044. 

60.  Kesler,  C.E.,  and  Chang,  T.S.,  Utilization  of  Data  Obtained  in  Sonic 

Tests  of  Plain  Concrete.  University  of  Illinois,  Department  of 
Theoretical  and  Applied  Mechanics,  Report  77. 

61.  Obert,  L.,  and  Duvall,  W.I.,  Discussion  of  Dynamic  Methods  of  Test¬ 

ing  Concrete,  with  Suggestions  for  Standardization,  Proc.  ASTM, 
vol.  41,  1941,  p.  1053. 

62.  Born,  W.T.,  The  Attenuation  Constant  of  Earth  Materials,  Geophysics, 

vol.  6,  1941,  p.  132. 

63.  Wuerker,  R.G.,  Testing  of  Roof  Bolting  Systems  Installed  in  Concrete 

Beams,  Trans.  AIME,  TP  3554-A,  Mining  Engineering,  June  1953, 

p.  606. 

64.  Shepherd,  R.,  Physical  Properties  and  Drillabllity  of  Mine  Rock. 

Colliery  Engineering,  (Dec.  1950),  p.  468;  (Jan.  1951),  p.  28; 

(Feb.  1951),  p.  61;  (March  1951),  p.  121. 

65.  Head,  Jr.,  Albert  L.,  A  Drillabllity  Classification  of  Geological 

Formations.  World  Oil,  Drilling  Section,  October  1951,  p.  125. 

66.  Hartman,  H.L.,  and  Pfleider,  E.P.,  Chapter;  Formation  of  Cuttings 

in  Exhaust  Dust  Control  in  Dry  Percussion  Drilling,  Trans.  AIME, 

TP  400 5 -A. 

67.  Shepherd,  B.F.,  Drilling- -The  Problem- -What -Why-How?.  Mining  Congress 

Jour.,  November  1954. 

68.  Goodrich,  R.K.,  Rock  Classification  Tests,  Unpublished  Manuscript, 

Joy  Manufacturing  Co.,  Claremont,  N.  H. 

69.  Koch,  W.,  Die  Pruefung  der  Bohrbarkelt  von  Gestelnen,  (Testing  the 

Drillabllity  of  Rock)  in:  Mitteilungen  d^r  Forschungsstelle  fuer 
Bohr-und  Schiesstechnik ,  vol.  1,  11,  Bergakademle  Clausthal. 


I-B.66 


APPENDIX  I-B 

REFERENCES 


70.  Dunlap,  G,E.,  and  Fellows,  J.A.,  Ferrous  Castings  for  Abrasion  Resist¬ 

ance  ,  American  Brake  Shoe  Co,,  230  Park  Ave,,  New  York. 

71.  Bond,  F - C  „ ,  Crushing  and  Grinding  Calculations,  Allis-Chalmers  Man¬ 

ufacturing  Co.,  Milwaukee,  Wis. 

72.  Pfleider,  E.F.,  and  Blake,  R.L.,  Research  on  the  Cutting  Action  of 

the  Diamond  Drill  Bit.  Trans.  AIME,  February  1953,  p.  187. 

73.  Fraenkel,  K.H.,  Editor,  Manual  on  Rock  Blasting,  AB  Atlas  Diesel, 

Stockholm, 

74.  Toughness  of  Rock,  ASTM  Designation  D3*18,  ASTM  Standards,  Part  II, 

1942,  p.  427, 

75.  Goldbeck,  A. I.,  and  Jackson,  P.H.,  Physical  Tests  of  Rock  for  Road 

Building,  Office  of  Fubl ic  Roads.  Bull.  44,  1912. 

76.  Woolf,  D.O,,  The  Results  of  Physical  Tests  of  Road-Building  Rock, 

U.S.  Dept,  of  Agriculture,  Mise.  Publ.  76,  1930. 

77.  Bresler,  B. ,  and  Plater.  X,S  .  ,  Failurp  of  Plain  Concrete  under  Com¬ 

bined  Stresses,  Separate  Pub).  674,  ASCE,  Proceedings,  April,  1955. 

78.  Lacabanne.  W.D..  avd  Pfleider,  E.P.,  Rotary  Percussion  Blast-hole 

Machine  May  Revolutionise  Drilling,  Mining  Engineering,  vol.  7, 

Sept.  1953,  p.  850. 

79.  Kochanowskv,  V P  lasting  Research  Loads  ;o  New  Theories  and 

Reductions  In  Blasting  Costs,  Trans.  AIME,  TP  404 5 -A,  Mining 

Engineering  Sept,  1955,  p,  861. 

80.  Rrodrhauer ,  R„C..  Strength  Character  fstics  of  Rock  Samples  under 

Hydrostatic  Pros.:,  are,  Master  Thesis,  The  Rice  Institute,  Houston, 
Texas,  April  1®3i. 

81.  Murray,  A.S.,  and  Cun''! ogham,  R  A.  t_  of  Mud  Column  Pressure 

on  Dr  Li  ling  Rates.  Trans.  AIME,  TP  416b,  Jour.  Pet.  Tech.,  Nov. 

J955,  p.  19b 


00 

N3 

Pennington , 

J.V.,  Ro: 

:Jk__Pn  Dure 

in  Percussion,  The  Pet.  Engineer, 

May  1954  , 

vol . 

26, 

T  B  -"  /  U~ 

83. 

Stuuim,  J.J. 

,  What  la 

i_hia  Sonic 

Drill?,  The  Pet.  Engineer,  October 

1954,  vol 

O  A. 

.  Z.  V  ; 

10, 

r, .  v> 

84. 

McCutchen. 

W.R  , 

■j  b  t  • 

behavior  n 

f  Rocks  and  Rock  Masses  in  Relation 

to  Military  ecology ,  .  -rad  a  School  of  Mines  Quarterly,  January 

1949.,  v n"  1  uu]  p  7. 


I-B.67 


APPENDIX  I~B 

REFERENCES 


85.  Robertson,  E.C.,  Experimental  Study  of  the  Strength  of  Rocks,  Bull. 

Geol.  Soc.  Am.,  October  1955,  vol.  66,  p.  1275-1314. 

86.  Harrison,  E.,  Kieschnik,  W.F.,  Jr=,  and  McGuire,  W.J.,  The  Mechanics 

of  Fracture  Induction  and  Extension,  Trans.  AIME,  vol.  201,  TP 
3916. 

87.  Willtnore,  T.A.,  Degenkolb,  R.S.,  Herron,  R.H.,  and  Allen,  A.W., 

Application  of  Sonic  Moduli  of  Elasticity  and  Rigidity  to  Testing 
of  Heavy  Refractories,  Jour.  Am.  Ceramic  Soc..,  vol.  37,  October 
1954,  p.  10,  445-457. 

88.  Felts,  L.L.,  Clark,  G.  B.,  and  Yancik,  J.  J.,  A  Laboratory  Method  for 

Determining  the  Thermodynamic  Efficiency  of  High  Explosives,  Trans . 
AIME,  TP  4213-A,  Mining  Engineering,  March  1956,  p.  318. 

89.  Chang,  T.S.,  and  Kesler,  C.E.,  Correlation  of  Sonic  Properties  of 

Concrete  with  Creep  and  Relaxation,  University  of  Illinois,  Depart¬ 
ment  of  Theoretical  and  Applied  Mechanics,  Report.  94. 

90.  Kesler,  C.E.,  and  Sless,  C.P.,  Static  and  Fatigue  Strength  of  Concrete, 

ASTM  Preprint  96-a. 

91.  Hubbert,  M.,  and  Willis,  D.G.,  Mechanics  of  Hydraulic  Fracturing, 

Trans,  AIME,  Preprint  686-G. 


APPENDIX  III -A 


CASE  HISTORIES  OF  UNDERGROUND  STRUCTURE  STABILITY 


The  following  are  given  as  examples  of  typical  case  histories  of 
underground  rock  structure  stability  which  are  tabulated  in  Chapter  III, 


Open  Stopes  with  Pillars 
Southeast  Missouri  District.'1' 


The  disseminated  ores  of  southeast  Missouri  are  found  at  various 
horizons  in  the  Bonne  Terre  dolomitic  limestone,  which  is  of  Cambrian 
age.  (See  Figure  III-A.l),  The  lower  part  of  this  formation  consists 
of  a  transition  zone  of  alternating,  thin-bedded,  and  sometimes  cross- 
bedded  layers  of  limestone,  shale  and  sandstone  inter-bedded  with  thin 
layers  of  "chlor itic"  material. 

Ore  occurs  at  various  horizons  throughout  the  365  feet  thickness 
of  the  formation,  but  most  of  it  is  confined  to  the  lower  hundred  feet. 
Shale  layers,  usually  thin,  are  often  impregnated  with  galena  while  the 
limestone  beds  above  and  below  are  only  lightly  mineralized.  As  a  rule 
the  richest  ore  is  in  rock  which  is  soft  and  somewhat  decomposed. 

The  ore  body  itself  is  composed  of  rich  layers  of  galena  separated 
by  bands  of  lean  ore.  That  of  the  middle  horizon  is  harder  and  breaks 
into  larger  blocks  than  that  in  the  upper  and  lower  horizons  due  to  the 
presence  of  marked  bedding  and  jointing.  There  is  considerable  variation 
in  the  strength  of  individual  beds  of  the  formation,  but  in  general  they 
are  strong  and  will  support  themselves  over  wide  spans.  Sane  of  the 
spans  are  100  feet  between  pillars  or  between  pillars  and  marginal  walls. 
In  areas  of  weakness  it  is  necessary  to  limit  spans  to  17  or  18  feet. 

Upon  exposure  to  air,  shaly  layers  tend  to  slack,  and  together  with  ver¬ 
tical  channels,  slips  and  joints  constitute  sources  of  weakness  in  both 
the  ore  and  roofs  of  the  stopes.  The  presence  of  "water  channels" 
requires  great  care  in  mining  operations,  both  because  they  weaken  roofs 
and  because  sometimes  they  are  active  water  courses. 


Jonathan  Limestone  Mine.*-  ’  " 

The  Bureau  oi  Mines  conducted  an  investigation. of  the  bahavioi  of 
roof  strata  under  naturaL  conditions  of  mining  and  with  the  roof  strata 
artificially  loaded  with  compressed  air  above  the  immediate  roof  layer 
in  the  Jonathan  mine.  In  each  case  the  roof  was  considered  to  be  com¬ 
posed  of  individual  layers  vertical  sections  of  which  Could  be  treated 
as  simple  or  multiple  layered  beams.  Stress  distribution  in  this  type 
of  structure  is  given  in  Chapter  VIII,  Only  the  geological  structure 
which  permitted  a  successful  study  of  the  applicability  of  beam  theory 
to  horizontal  mine  roofs  is  given  here. 
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Figure  III-A.l.  Generalized  section  of  geologic  structure  in  lead  mines  in  Southeast  Missouri, 
St.  Joseph  Lead  Company. 
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The  first  part  of  the  investigation  included:  (1)  a  study  of  geology 
and  stratigraphy  of  the  formations;  (2)  evaluation  of  physical  properties 
of  the  roof  rock;  (3)  strata  exploration  for  a  suitable  roof  horizon; 

(4)  computation  of  possible  roof  spans;  and  (5)  initial  investigations 
to  check  the  applicability  of  calculations. 

The  Jonathan  mine  is  in  the  flat  lying  Maxville  limestone,  which  is 
about  41  feet  thick  and  is  overlain  with  sandstone  and  shales.  The 
lower  half  is  described  as  clayey  limestone,  while  the  upper  half  is 
stratified  in  somewhat  continuous  layers  2  to  18  inches  thick  which 
increase  in  calcium  content  toward  the  top.  Overlying  sediments  ave  50 
to  300  feet  thick  of  black  shale,  gray  shale,  and  thin  coal  lenses  which 
lie  on  an  erosion  surface.  "Washes"  and  "cutters"  in  the  old  erosion 
surface  have,  been  exposed  in  open  pit  mines.  The  shale  washes  (filled 
with  shale)  form  a  V-shaped  troughs  which  vary  in  depth  from  a  few  inches 
to  4  feet.  Cutters,  about  1  inch  thick  feather  out  from  the  bottom  of 
the  washes  and  are  filled  with  shale  and/or  calcitc.  Vertical  WE-SW 
Joints  cut  the  limestone  at  about  10  foot  intervals  and  are  filled  with 
calcite.  Uncemented  or  closely  cemented  Joints  are  uncommon,  while  no 
faults,  fissures,  local  rolls  or  voids  have  been  encountered. 

The  mine  roof  was  diamond  drilled  to  obtain  more  specific  informa¬ 
tion  concerning  thickness  of  beds,  physical  properties  of  rock  and  structure 
of  the  roof.  The  limestone  was  found  to  be  quite  uniform  and  cored  In 
lengths  from  2  to  18  inches,  broken  along  thin  (hairline)  seams  of  shale. 

The  sediments  over  the  limestone  were  drilled  from  20  to  25  feet,  which 
was  found  to  consist  of  layers  of  varying  thickness  of  black  shal.e  and 
gray  shale  with  lenses  of  coal  up  to  6  inches  in  thickness. 

The  pertinent  physical  properties  are  given  in  Table  1II-A.1.  These 
were  quite  consistent  for  the  limestone  but  considerably  more  variable 
far  the  shale. 


Table  III-A.l 

Physical  properties  of  limestone  and  shale  (holes  1,2.  and  3) 


Average 

value 

Standard 

Jeviation, 

percent 

Number  of 
Observation! 

Limestone: 

Apparent  specific  gravity . 

2.69 

0.7 

16 

Modulus  of  rupture . p.s.i. 

2,600 

30 

17 

Modulus  of  elasticity .  do. 

10.4  x  1.06 

4 

11 

Lower  black  shale: 

Apparent  specific  gravity . 

2  ,c  > 

0.7 

17 

Modulus  of  rupture .  p.s.i. 

2  2 

48 

26 

Modulus  of  elasticity .  do. 

i.4  x 

-- 

1 
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Cost  studies  indicated  a  preferred  roof  span  of  30  feet,  x$hile  the 
fact  that  the  higher  grade  limestone  was  near  the  top  of  the  bed  dic¬ 
tated  a  minimum  thickness  of  limestone  roof.  Roof  spans  of  18  to  20 
feet  had  been  employed;,  with  28  inches  to  12  feet  of  limestone  as  roof. 
Roof  partings  were  formed  at  thin,  shale-filled  partings,  most  of  which 
showed  some  bonding  or  cohesive  strength.  Closely  controlled  drilling 
and  (Hasting  were  reburied  to  prevent  overbreak  into  the  roof.  Occasional 
shale  washes  were  ercountered  at  the  shale  horizon  3  feet  below  the  con¬ 
tact  and  these  required  guniting  and  bolting. 

Studies  beyond  physical  property  tests  were  made,  of  the  shale  by 
opening  up  two  areas  of  shale  roof  at  the  limestone-shale  contact.  The 
roof  in  Area  1  was  block  shale,  while  that  in  Area  2  consisted  of  14 
inches  of  black  shale,  12  to  18  inches  of  coal  and  than  more  shale.  The 
exposed  areas  were  approximately  20  by  60  feet,  both  being  bolted  on  4 
foot  centers.  A  shale  wash  was  exposed  in  Area  1  and  several  cracks  in 
Area  2.  Both  areas  showed  air  slacking  with  small  pieces  falling  in  3 
weeks.  One  year  later  a  block  of  shale  and  coal  in  Area  2  failed,  form¬ 
ing  an  arch.  Shale  which  had  as  little  as  2  inches  of  limestone  cover 
showed  no  signs  of  failure. 

It  was  therefore  concluded  that  (1)  a  roof  could  be  formed  at  any 
shale  stringer,  (2)  joint*:  in  limestone  did  not  materially  affect  roof 
behavior,  (3)  bolting  and  guniting  would  be  required  on  shale  washes, 
and  (4)  shale  would  not  form  a  satisfactory  roof. 

The  purposes  of  the  roof  span  studies  were  (1)  to  observe  the 
behavior  of  shale  stringer,  joints,  etc.,  at  spans  greater  than  20  feet, 

(2)  evaluate  physical  properties  of  roof  in  place,  (3)  3tudy  time  dete¬ 
rioration  of  roof,  and  (4)  determine  whether  shale  would  load  the  lime¬ 
stone.  Room  widths  and  beam  (roof  strata)  depths  were  calculated  from 
appropriate  beam  formulae,  binding  of  stringers  war.  considered  good  and 
the  experimental  room  was  located  at  least  three  pillar  widths  from 
adjoining  openings. 

The  experimental  room  was  opened  from  a  pilot  drift  and  a  6  foot 
raise  was  driven  to  chuck  the  roof  stratigraphy.  All  defects  (mostly 
vertical)  were  found  to  be  purallel  to  the  shorter  dimension  of  the  room 
(see  Figure  III-A.2).  The  roof  was  core  drilled  at  5  points  to  20  feet 
and  at  4  points  in  the  raise  horizontally  to  a  depth  of  10  feet.  The 
logs  of  the  roof  holes  are  shown  in  Figure  III-A.3.  The  roof  strata  along 
the  center  line  of  the  room  were  uniform;  limestone  was  28  to  30  inches 
thick;  the.  black  shale,  coal,  and  gray  shale  were  of  variable  thick¬ 
ness,  the  black  shale  coring  well.  A  number  of  lateral  stringers  parallel 
to  the  bedding  were  noted,  the  bond  across  the  stringers  varying  in 
strength.  The  phyaica*.  pnnervles  of  limestone  and  shale  parallel  to  the 
bedcing  ,.i c  gi”cc  *n  r able  iII-A.2.  The  modulus  of  rupture  values  of 
ho.lz...,tal  cores  was  about  1.7  times  that  of  vertical  cores. 


Figure  III-A.2.  Plan  and  section  of  experimental  room,  Jonathan  Mine 
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Table  III-A.2 

Physical  properties  of  limestone  and  shale  parallel 
to  bedding  (holes  15.  16,  17.  and  18) 


Average 

value 

Standard 

deviation, 

percent 

Number  of 
Observations 

Shale: 

Specific  gravity........ 

2.67 

2.5 

32 

Modulus  of  rupture,..,,. 

.  .p .  9  .  ■! 

1,260 

22 

6 

Tensile  strength . 

342 

28 

■  4 

Limestone: 

Specific  gravity . 

2.80 

1.5 

36 

Modulus  of  rupture . 

. .p.s.i. 

4,668 

8.1 

8 

Tensile  strength . 

1,088 

23 

4 

Modulus  of  elasticity... 

10.0  x  106 

8 

6 

Both  roof  sag  measurements  and  microseismic  noises  were  recorded. 
Threaded  rods  were  anchored  in  the  roof  strata  (See  Chapter  XI) .  The 
room  was  widened  from  10  to  40  feet  in  10  foot  increments,  sagged  with 
each  increase  in  width  and  finally  separated  at  6  inches  and  2  feet 
4  inches  in  the  limestone  and  at  8  and  12  feet  in  the  shale.  It  was  con¬ 
cluded  that  the,  limestone  beds  were  gravity  loaded  and  that  the  shale 
was  self-supporting.  The  separated  6  inch  layer  was  not  easily  removed. 

In  a  subsequent  phase  of  the  investigation  compressed  air  was  in¬ 
jected  in  the  separation  between  the  limestone  and  the  shale.  Failure 
stress  agreed  with  that  calculated  by  appropriate  beam  equations  and 
that  measured  by  modulus  of  rupture  tests. 


Oil  Shale.  Rifle,  Colorado 

Introduction .  As  part  of  a  program  of  development  of  the  oil 
reserves  in  the  oil  shales  of  Colorado,  the  Bureau  of  Mines  has  conducted 
extensive  tests  of  the  behavior  of  the  strata  in  roofs  and  pillars  of  a 
mine  excavated  in  some  of  the  richer  of  the  oil  shales.^  A  study  of 
geology  and  structure  of  the  deposit  indicated  open  stoping  (room  and 
pillar),  the  design  problem  being  the  calculation  of  optimum  safe  roof 
span,  pillar  ciae  and  consequent  extraction  ratio.  These  were  determined 
from  the  geologic  structure  of  the  deposit.,  physical  properties  of  the 
oil  shale,  and  the  magnitude  and  distribution  of  stresses  in  the  rock 
resulting  from  excavation.  Both  theoretical  calculations  and  model  stress 
studies  were  employed.  Model  tests  were  checked  with  full  scale  tests 
to  measure  roof  sag,  separations  in  roof  strata  and  rock  failure.  Roof 
dimensions  were  increased  from  50  x  100  feet  to  80  x  200  feet  with  a 
period  of  1.4  months  for  measurement  of  sag. 
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Roof  sag  was  greater  than  that  predicted  by  theory  with  some  ano- 
ipolous  behavior.  No  significant  separations  were  observed  in  the  8  foot 
thick  roof  layer.  Failures  were  predicted  by  the  microseismic  method; 
and  numeroud  planes  of  weakness  appeared  at  different  elevations  in  the 
roof.  While  the  safe  extraction  ratio  was  computed  to  be  82  percent) 

75  percent  was  used  with  60  foot  roof  spans  and  60  foot  square  pillars. 

Geology.  The  oil  bearing  "shales"  are  about  500  feet  thick.  The 
Mahogony  bed  is  one  of  possible  economic  Importance..  (See  Figure  III-A.4), 
The  shales  contain  "kerogen",  but  no  free  oil  or  carbon.  A  room  mined 
59  feet  in  diameter  had  stood  for  25  years  with  no  failures.  Explore- 
tory  drilling  (1945-46)  in  three  holes  showed  that  the  oil-shale 
formations  are  persistent,  of  uniform  thickness  and  dip  approximately  4° 
to  the  north.  A  6  inch  iron  stained  layer  of  tuff  was  used  as  a  stratia^ 
graphic  reference  (Mahogony  marker).  No  faults,  fissures  or  significant 
jointing  were  disclosed  by  the  drilling,  The  rock  is  relatively  tough, 
strong,  fine  bedded,  and  the  bedding  is  influenced  more  by  the  organic 
content  of  the  rock  than  by  changes  in  physical  properties,  partings  or 
planes  of  weakness. 

Cores  obtained  from  drilling  were  employed  to  find  a  suitable  roof 
rock;  a  small  raise  was  made  for  the  ..same  purpose;  and  an  adit  was  exam¬ 
ined  for  pillar  structure.  Partings  or  weak  beds,  such  as  volcanic  ash, 
were  carefully  noted.  Blasting  in  early  room  development  disclosed  a 
parting  near  the  top  of  the  Mahogony  ledge,  which  was  selected  as  the 
roof  horizon.  The  cores  indicated  a  solid  8  foot  layer  above  this  plane, 
and  then  a  shale  layer  44  to  54  feet  thipk,  capped  by  thick  layers  to  the 
surface  forming  a  total  overburden  of  300  to  700  feet.  A  series  of  nearly 
parallel  fractures  was  noted  in  possible  pillar  rock,  the  distance  between 
them  being  5  to  40  feet,  their  dip  being  75°  to  90°.  Some  were  discon¬ 
tinuous  while  others  penetrated  into  higher  elevations  with  seeping  water, 

There  was  considerable  fragmentation  to  a  distance  of  100  feet  in 
from  the  surface,  probably  caused  by  weathering.  Consequently  all  haul¬ 
age  adits  were  driven  200  feet  beyond  the  outcrop  and  beyond  the  weathered 
zone . 


Physical  Properties  of  Oil  Shale,  Physical  properties  of  the  oil 
shale  were  investigated  by  the  Bureau  of  Mines  and  Columbia  University, 

The  results  of  tests  from  the  laboratories  are  in  general  agreement  and 
are  given  in  Tables  IIT-A.3,  III-A.4,  HI-A.3,  III-A.6,  III-A.7,  and 
I1I-A.8,  Variations  are  attributed  to  differences  in  methods  of  testing, 
and  the  fact  that  samples  were  from  different  locations. 

Oil  shale  is  moderately  strong,  the  modulus  of  rupture  averaging 
4000  psi  and  the  compressive,  strength  16000  psi.  The  modulus  of  rupture 
was  higher  tot  the  roof  than  for  pillars,  also  being  higher  in  samples 
cut  parallel  to  the  bedding.  The  higher  the  "oil"  content  of  the  shule, 
the  weaker  it  is.  Moisture  and  time  deterioration  teats  indicated  no 
significant  changes  in  properties  by  wetting  and  drying  or  by  heating. 

Safe  roof  span  estimates  were  made  considering  the  8  foot  roof  bed 
as  a  gravity  loaded  beam  or  plate.  Calculations  were  based  on  the  elastic 
theory  and  model  tests  in  a  centrifuge. 
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Table  III-A.3 

Physical  properties  of  oil-shale  samples  from  roof 
cored  parallel  to  bedding.  College  Park.  Md. 


Average 

Value 

Standard 

deviation, 

percent 

Number  of 
Observations 

Apparent  specific  gravity . . 

Modulus  of  rupture . lb./sq.in,— , 

2.18 

2.0 

4 

3.000 

18 

6 

Elastic  constants: 

a)  Young's  Modulus. . lb. /sq. in. . 

3.1  x  10* 

15 

4 

b)  Modulus  of  rigidity..  ...do. 

0.98  x  10° 
•=0.18 

16 

4 

c)  Specific  damping  capacity... 

10 

4 

d)  Apparent  Poisson's  ratio.... 

0.58 

12 

4 

e)  Velocity  of  sound  ...  ft . /sec. 

10,200 

6.5 

4 

_1  Load  applied  perpendicular  to  strata. 
2  Estimate. 


Table  III -A. 4 

Physical  properties  of  oll-ahale  samples  from  roof  cored 
perpendicular  to  bedding.  College  Park.  Md. 


Average 

Value 

Standard 

deviation, 

percent 

Number  of 
Observations 

Apparent  specific  gravity . . 

2.25 

— 

2 

Compressive  strength. . . . lb./sq.in. , 
Modulus  of  rupture . lb./sq.in.— 

16,600 

19 

18 

360 

51 

6 

Elastic  constants: 

a)  Young's  modulus .. lb. /sq , in. 

1.8  x  10° 

-- 

2 

b)  Modulus  of  rigidity . do. 

1.0  x  106 

-- 

2 

c)  Specific  damping  capacity.. 

d)  Apparent  Poisson's  ratio... 

0.22 

— 

2 

-0.10 

— 

2 

e)  Velocity  of  sound .. ft . /sec . 

7,750 

-- 

2 

Hardness: 

a)  Schleroscope . schleroscope  units  56 

8 

85 

b)  Abrasive . rev. sq. in. lo-3/lb. . 

9.8 

14 

12 

Impact  toughness . 

....  3.7 

34 

17 

,1  Load  applied  parallel  to  bedding,. 
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Table  III -A. 5 

Compressive  strength  of  oil-shale  samples  from  roof  and  pillar 
specimens  cut  perpendicular  to  beddine.  Columbia  University 


Distance  from 
Mahogany  marker, 
feet 

Bed  l 

designation— 

Number  of 
specimens 
tested 

Compressive 
strength,  p.s.i. 

Standard 

deviation, 

percent 

3166  above. . 

Roof 

2 

15,380 

— 

21.5-26.8  above. 

do. 

2 

14,890 

... 

20  above . . 

do. 

3 

12,430 

1.0 

18.5  above. . . . . . 

A 

1 

17,100 

-- 

10  above . 

B 

2 

15,000 

-- 

4.2  above . 

C 

1 

17,100 

-- 

2.5  below . 

D 

1 

19,000 

-- 

4.5  below . 

D 

2 

12,650 

-- 

7  below . 

D 

2 

11,730 

-- 

10  below . 

D 

1 

10,700 

-- 

12.5  below . 

E 

1 

12,520 

-- 

14  below . 

E 

3 

8,280 

5.0 

14.6  below . 

E 

5 

7,350 

2.6 

15.5  below. , . . . . 

F 

3 

11,910 

.4 

17  below. . . 

F 

1 

9,190 

-- 

17.5  below. . . . . . 

F 

1 

12,080 

-- 

13.5  below . 

F 

8 

8,160 

3.4 

20  below, ....... 

G 

1 

14,480 

-- 

20.5  below . 

G 

1 

14,470 

-- 

23  below. ....... 

G 

2 

10,250 

-- 

23  below . 

G 

2 

8,600 

-- 

26.6  below . 

G 

2 

14,090 

-- 

27  below . 

G 

3 

12,960 

7.2 

31  below . 

H 

3 

8,560 

5.7 

33  below . . 

H 

1 

13,600 

-- 

37  below . 

H 

1 

15,390 

-- 

39.5  below . 

H 

2 

17,280 

-- 

46,5  below . 

I 

2 

12,700 

~  “ 

1,  In  accordance  with  their  oil  content  and  caking  tendency,  the  minable 


oil-shale  beds  were  grouped  into  10-lettered  beds. 
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Table  III -A. 6 

Shear  strengths  of  oil-shale  samples  from  roof.  Columbia  University 


Direction  of  Shear  Standard 

shearing  force  to  strength  Humber  of  deviation, 

the  bedding  planes  lb./sq.in,  samples  tested  percent 

Perpendicular. .  3,490  5  4.9 

Do..... . 4,640  5  3.1 

Parallel .  1,770  5  10.5 

Perpendicular........  3,560  5  5.1 

Do .  3,145  5  6.0 

Parallel .  890  5  8.3 

Perpendicular .  3,205  5  5.2 

Parallel .  920  5  9.1 


Table  III-A.7 

Modulus  of  rupture  of  oll-ahale  samples  from  roof  beams 
cut  perpendicular  to  bedding.  Columbia  University 


Depth  of  beam,  Span,  Ratio  of  span  Modulus  of  rupture, 
inches  inches  to  depth  lb./sq.in. 

.2256  375  13.32  6,590 
.1775  3.5  19.72  4,320 
.2440  6.0  24.6  4,730 
.1722  6.0  34.04  4,240 
.1499  6.0  40  4,070 
.1198  6.0  50.1  3,370 
.1141  6.0  52.6  3,350 


Table  III-A.8 

Modulus  of  elasticity  of  oil-shale  samples  from  roof  and 
pillar.  Columbia  University 


Stress  limits  for 

Bed  constant  E,  Modulus  of  elasticity  (E ) , 

Designation  lb./sq.in.  lb./sq.in. 


Roof .  0-3000  1.13  x  10* 

Do .  0-3000  3.56  x  106 

Do .  0-3000  3.54  x  106 

Do .  0-8500  1.09  x  106 

0-5000  2.66  x  106 

0-2000  .513  x  106 

E .  0-2400  .588  x  10e 
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Limestone  Mine. 
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A  limestone  mine  in  western  Missouri  is  of  interest  because;  of  the 
roof  stability  requirements  in  supporting  roads  and  pipelines  wh^ch  lie 
over  the  mine. 

The  geologic  column  of  rocks  in  the  area  is  given  in  Figure.  I1I-A.5. 
Limestone  is  mined  from  the  Bethany  Falls  bed  which  is  overlain  with 
150-180  feet  of  interbedded  limestones  and  shales.  Some  of  the  beds  of 
limestone  are  fairly  competent  and  would .be  reasonably  strong  if  supported 
by  other  limestone.  However,  the  high  percentage  of  shale  results  in  a 
weak  structure  which  has  caved  three  times  in  a  period  of  ten  years. 

There  is  no  significant  faulting  in  the  mine  and  a  single  joint  system 
predominates,  with  little  evidence,  of  solution  activity  or  alteration. 

In  haulage  ways  in  the  mine  only  the  lower  15  feet  of  the  Bethany 
Falls  limestone  is  mined,  leaving  a  roof  which  is  fairly  stable.  Where 
the  formation  is  mined  to  a  height  of  30  feet,  however,  the  limeBtone 
roof  is  less  competent  and  the  top  12  feet  of  the  pillars  are  formed  of 
shale,  shaly  lime,  and  thin  beds  of  limestone  which  are  subject  to 
spalling  on  exposure  to  atmosphere.  This  results  in  the  formation  of 
pillars  of  the  shape  shown  in  Figure  III-A.6,  which  produces  a  high  per¬ 
centage  reduction  of  effective  support  area  of  the  pillars. 

A  combination  of  jointing,  pillar  spalling,  shale  and  limestone 
roof  has  contributed  to  roof  failure  at  the  juncture  of  rooms  where 
larger  than  average  roof  spans  are  created.  Safe  roof  spars  are  in  the 
range  of  about  30  to  40  feet.  Actual  roof  spans  in  the  neighborhood  of 
73  feet  result  from  mining  and  spalling. 


Sublevel  Stoping 


Horne  Mine.  6’7’8’9 

The  Horne  Mine  is  found  in  an  "island"  of  rhyolite  flows,  tuffs,  and 
agglomerates,  surrounded  on  three  sides  by  andesites,  and  cut  off  on 
the  north  side  by  the  Horne  Creek  Fault.  The  ore  bodies  are  believed  to 
have  been  formed  as  replacement  deposits  in  shear  and  breccia  zones  in 
these  rocks.  The  existence  of  the  highly  complex  and  disturbed  structure 
was  one  of  the  basic  controls  of  ore  deposition.  The  greater  part  of 
the  ore  was  deposited  in  or  near  the  intersection  of  two  systems  of 
shearing . 

Remarkable  features  of  the  deposit  are  (1)  the  massive  character 
of  the  sulphide  ore  with  its  lack  of.  gangue  minerals,  (2)  the  rela¬ 
tively  small  amounts  of  included  rock,  (3)  the  sharply  defined  contacts 
with  the  wall  rocks,  and  (4)  in  general  the  presence  of  a  score  of  massive 
sulphide  lenses  and  their  accompanying  siliceous  bodies  all  within  an 
area  less  than  1,800  feet  square. 


Figure  III-A.5,  Generalized  geologic  column  of  western  Missouri 


Figure  III-A.6.  Typical  deterioration  of  shaley  portion  of  pillars  in 
'Limestone  mint-  in.  western  Missouri,  Missouri  Portland  Cement  Co. 
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Geologically  there  are  four  types  of  ore:  (1)  massive  sulphide, 

(2)  siliceous  flux,  (3)  chloritic  gold  ore,  and  (4)  a  small  deposit  of 
disseminated  sphalerite  and  pyrite  in  rhyolite. 

The  strength  of  the  massive  sulphide  ore  is  considered  phenomenal. 

It  is  mined  by  benching  in  sublevel  stopes  to  avoid  dangerous  heating 
and  oxidation  which  would  interfere  with  f1o*-.-'Hon  The  <•«  1 
fluxing  ore  bodies  are  removed  either  by  benching  or  by  shrinkage  stoping. 
The  ore  bodies  are  compact  in  character  and  stand  up  with  comparatively 
long  roof  spans.  Practically  no  timber  is  necessary  except  in  shafts, 
one  or  two  sets  in  stations,  chutes  and  cribbed  manways.  The  ores  are 
classed  as  medium  to  hard  for  drilling.  The  occurrence  of  slips  in 
siliceous  rhyolite  is  more  frequent  than  in  the  massive  sulphide  ore  and 
it  must  be  carefully  watched  during  mining. 

In  general,  Llie  Horne  mine  has  exceptionally  strong  ground  and  can 
use  mining  methods  that  could  not:  be  considered  in  weaker  structures. 

As  the  mine  progresses  in  depth,  more  attention  must  be  paid  to  bad 
ground  due  to  the  increase  in  lithostatic  pressure,  the  dimensions  of 
the  lower  level  stations  and  drifts  being  held  to  a  minimum.  Gunite 
is  used  where  the  rock  has  a  tendency  to  slough,  togetner  with  rock  bolts, 
reinforcing  and  gunite  in  shafts  and  stations. 

Rock  alteration  has  minor  effects  upon  mining  and  is  of  three  types: 
silification,  sericitization,  and  chloritization. 

Silicificat ion--the  Horne  rhyolites  consist  mainly  of  quartz,  and 
the  amount  of  quartz  increases  as  the  main  mineralized  area  is  approached. 

Sericit:ization--the  formation  of  sericite  is  widespread.  It  occurs 
(1)  as  a  stress  mineral  consequent  to  the  folding,  (2)  in  highly  faulted 
and  shear  zones  (sericite  schists),  (3)  as  velnlets  of  leter  origin, 
with  pyrite  and  chlorite,  formed  during  the  mineralization  period,  and 
(4)  as  massive  sericite  consequent  to  the  replacement  of  sheared  and 
mashed  rhyolite  by  sulphides,  The  fourth  type  is  confined  to  margins 
of  the  sulphide  bodies. 

Chloritization--thi:5  has  an  influence  on  the  occurrence  of  gold 
values  and  is  believed  uo  have  been  formed  with  the  sericiLe  during 
the  mineralization  period. 

Figures  1II-A.7  to  III-A.10  show  the  relative  position  of  the 
upper  and  lower  11  ore  bodies,  together  with  the  very  complicated  geolo¬ 
gical  structure  which  exists  in  the  vicinity  of  the  deposits  and  the 
method  of  mining.  In  spite  of  the  complex  structure,  the  presence  of 
faults  and  occurrence  of  some  weakening  alteration,  the  general  structure 
is  competent  and  permits  a  method  of  mining  which  requires  no  support 
ill  the  stopes 
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FI  pure  IIX-A.10.  Block  diagram  of  the  massive  lower  H  ore  body 
showing  the  method  of  sublevel  stuping  applied  to  mine  the  ore, 
Horne  Mine.  Method  requires  no  stope  support^. 


Hurra  Burra  Mine . 
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The  rocks  of  the  Ducktovm  district  all  belong  to  the  Great  Smoky 
Mountain  formation  of  Lower  Cambrian  age.  They  consist  almost  entirely 
of  metamorphosed  sediments,  the  geologic  column  being  constituted  mainly 
of  graywacke  with  arkose,  graywacke  conglomerate,  conglomerate,  mica 
schist,  slate,  staurolite  schist,  and  garnet  schist  in  the  order  named. 

The  ore  deposits  are  found  upon  the  limbs  of  a  large  anticlinorium, 
which  is  the  main  geologic  structure  of  the  district..  They  are  believed 
to  be  replacements  of  a  limestone  bed  which  has  been  thickened  in  places 
by  thrust  folds  and  by  strike  faults  in  the  bodies  themselves. 

The  general  strike  of  the  Burra  ore  body  is  N.  62°  K . ,  and  dips 
75°  to  the  S.E.  at  the  surface,  flattens  to  50°  at  the  sixteenth  level 
with  local  dips  as  low  as  35°.  The  ore  body  itself  is  over  2,300  feet 
long  on  the  fourteenth  level  of  the  Burra  Burra  mine,  where  the  minable 
thickness  varies  from  a  few  feet  to  a  maximum  of  180  feet.  • 

The  immediate  wall  rocks  are  highly  metamorphosed  schists  and  gray- 
wackes,  whose  bedding  planes  parallel  the  ore  in  dip  and  strike.  In 
general,  but  not  everywhere,  the  schistosity  parallels  the  bedding.  The 
tendency  of  the  rock  is  to  break  along  bedding  planes  rather  than  para¬ 
llel  to  the  less  prominent  schistosity.  In  most  parts  of  the  mine  the 
walls  stand  well.  Spans  of  100  feeL  are  usually  self-supporting  except 
where  the  ground  is  fractured  by  folding. 

There  are  but  few  prominent  slips  and  joints  in  the  ore,  but  where 
they  do  appear  they  are  generally  horizontal.  There  are  also  minor  verti¬ 
cal  joints,  the  whole  forming  a  system  of  more  or  less  rectilinear  planes, 
much  stronger  horizontally  than  vertically.  The  distance  between  these 
joints  and  slips  is  measured  in  terms  of  feet  rather  than  inches.  The 
ore  tends  to  adhere  to  the  wall  rock  rather  than  to  break  away  from  it, 
and  is  not  as  self-supporting  over  long  spans  as  is  the  country  rock. 
Haulage  levels  stand  without  support  both  in  ore  and  wall  rock. 

In  the  zone  of  primary  ore,  the  principal  ore  minerals  are  massive 
sulphides:  pyrrhotite,  pyrite,  and  chalcopyr ite ,  with  smaller  percen¬ 

tages  of  zinc  in  the  form  of  sphalerite.  The  gangue  minerals  are  chiefly 
lime  silicates,  quartz,  and  calclte,  with  which  the  sulphide  minerals 
have  intergrown.  The  ore  tends  to  break  into  large  angular  blocks  and 
slabs  which  wedge  in  chutes  and  hung  up  in  flat  stopes. 

The  original  sedimentary  rocks  in  the  district  were  closely  folded, 
faulted,  and  metamorphosed.  The  faults  show  strong  tendencies  to  paral¬ 
lelism  with  a  well  defined  cleavage  or  schistosity.  The  ore-bearing  rocks 
are  found  near  the  main  axis  of  the  sync linorium.  Many  of  the  beds  are 
cut  by  closely  spaced  faults  which  represent  warped  planes  along  which 
they  were  fractured  during  folding.  The  irregularity  in  width  of  the  ore 
bodies  is  believed  to  be  due  in  a  large  measure  to  faulting,  although 
the  original  limestone  beds  which  they  replaced  were  not  of  uniform 
thickness.  This  faulting  took  pLace  before  the  limestone  was  replaced 
by  the  ore  and  silicates,  or  perhaps  when  it  was  a  relatively  weak  member 
of  the  series.  The  stresses  which  were  imposed  on  the  formations  were 
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rel.ieved  to  a  certain  extent  by  fracturing  of  the  weak  beds.  Thus, 
the  ore  bodies  are  cut  by  faults  in  many  places,  although  faults  are 
not  universally  present  along  or  in  the  walls.  These  faults  are  of 
minor  importance  in  mining  operations. 

Microscopic  studies  of  the  ore  show  that  many  of  the  gangue  minerals 
in  the  sections  have  been  bent  and  fractured,  but  the  fractures  have  been 
later  healed  by  the  sulphides.  This  probably  accounts  in  a  large  measure 
for  the  strength  of  the  ore. 


Shrinkage  Stoning 


Creighton  Mine . ^ ^ 

The  Creighton  mine.  (Figure  III-A.l1)  ore  bodies  occur  along  a 
shear  zone  where  the  norite  hanging  wail  forme  a  bulge  into  the  granite 
footwall.  They  arc  large,  lenticular  deposits,  largely  of  massive  chsl- 
copyrite  and  pyrrhotite  with  nickel.  The  average  dip  of  the  main  ore 
body  is  45°  and  has  a  maximum  width  of  300  feet.  At  some  places  below 
the  sixteenth  level  greenstone  forms  the  hanging  wall  of  the  deposit. 

There  are  many  brecciated  areas  that  occur  in  the  Sudbury  district, 
in  which  the  Creighton  mine  is  one  of  the  most  important.  The  fragments 
of  rock  composing  the  breccia  may  be  cemented  by  some  of  the  more  finely 
crushed  rock  and  in  places  where  the  cementing  material  is  composed  of 
sulphides,  those  breccias  constitute,  the  commercial  ore  bodies.  The 
position,  size  and  continuity  of  the  breccia  zones  was  controlled 
largely  by  the  ability  of  the  various  rocks  to  resist  crushing.  Thus, 
the  tougher  greenstone  rocks  are  possibly  less  broken,  and  the  fault- 
movements  expended  themselves  in  the  more  brittle  granite,  gneiss, 
quartzite  or  graywacke.  At  some  places  in  the  mine  hazardous  ground, 
irregular it ies  of  the  deposit,  rock  inclusions  in  the  ore  and  need  for 
rock  disposal  have  been  the  cause  for  the  adoption  of  cut-and-f ill.  and 
square-set  stoping. 

The  complex  structural  controls  of  ore  deposition  have  resulted  In 
frequent,  and  sometimes  complicated  mining  problems.  The  intersections 
of  shear  sones  cause  prominent  irregularities  which  in  some  cases  rake 
across  several  stopes  between  adjacent  levels.  The  ore  bodies  have  many 
tag  ends  that  require  special  attention,  and  the  range  in  grade  of  ore 
(disseminated)  necessitates  frequent  inspection  to  determine  proper 
mining  limits.  Constant  geological  supervision  is  necessary  In  order 
that  mining  programs  may  he  modified  in  accordance  with  now  geological 
information  as  it  becomes  available. 

Disseminated  sulphide  ores  are  confined  to  noritic  rock  and  the 
sulphide  component  ranges  from  zero  to  almost  100  percent.  Higher  grade 
ore  bodies  are  mined  by  selective  methods  (square-set,  etc.).  Outlying 
lower  grade  ore  is  mined  by  non-selec.tive  methods.  Remote  parts  of  the 
deposit  are  too  low  grade  to  be  mined  by  any  method. 
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The  massive  sulphides  occur  as  the  matrix  of  a  breccia  that  contains 
inclusions  consisting  of  large  and  small  fragments  of  all  kinds  of  foot- 
wall  rocks.  Massive  ore  also  occurs  as  veins  in  disseminated  ore  and  in 
massive  footwall  rocks.  The  typical  massive  sulphide  ore  body  lies 
along  a  shear  zone  and  passes  obliquely  from  one  side  to  the  other  of 
the  lower  contact  of  the  norite,  the  upper  portion  lying  in  or  against 
disseminated  norite  and  the  lower  portion  within  the  footwall  rock. 

The  principal  country  rocks,  aside  from  the  norite,  are  granite 
and  gabbro.  The  norite  is  structurally  strong  and  all  workings  located 
in  it  are  easily  maintained.  The  gabbro  acts  much  ac  the  norite,  but. 
rockbursts  are  fairly  common  in  the  granite,  occurring  soon  after  the 
ground  is  opened  up.  Since  the  granite  and  the  gabbro  are  components 
of  the  footwall  complex  and  cannot  be  projected  safely,  it  has  become 
common  practice  to  obtain  advance  information  by  diamond  drilling 
before  new  crosscuts  are  laid  out. 


Hoi linger  Mine . ^ 

This  description  is  singularly  complete  with  reference  to  the 
geology  of  the  Hollinger  mine  as  it  affects  the  mining  operations.  It 
is  rich  in  details  cf  the  factors  which  illustrate  the  total  dependence 
of  effective  mining  operations  upon  knowledge  of  geology.  (See  Figures 
III -A, 12  and  III-A.13). 

The  rocks  of  the  Porcupine  district  are  classified  in  the  following 
geologic  column: 


Pleistocene 

Glacial  and  recent:  Boulder  clay,  stratified  clay, 

sand  gravel,  peat. 


Pre-Cambrian 

Keweenawan:  Olivine  diabase 
Intrusive  contact 

Matachewan:  Quartz  diabase 
Intrusive  contact 

Algoman:  Granite,  granite  porphyry,  quartz  porphyry 

Intrusive  contact 

Haileyburian  (7):  Serpentine 
Intrusive  contact 

Timiskaming:  A  series  of  sediments  consisting  of  conglomerate, 

guuywacke,  slate  and  quartzite,  in  places  much 
impregnated  with  carbonate. 

Uncotif  oruitt'  y 
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Figure  III-A.12.  Typical  cross  section  of  the  Hollinger  mine  showing  the 
distribution  of  rocks  and  ore. 
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A  complex  of  basic  to  acid  lava  flows; '  andesite, 
dacite,  rhyolite,  volcanic  gragmental,  tuffs,  and 
agglomerate,  now  altered  to  green  and  grey  schists, 
carbonate  schist,  carbonate-talc-chlorite  schist, 
iron  formation  and  slates. 

Figure  III-A.12  shows  a  typical  distribution  of  the  rocks  in  a 
vertical  plane  across  the  strike  of  the  main  geological  structures.  In 
the  central  portion  of  the  property  repeated  dynamic  action  and  igneous 
intrusions  have  so  changed  the  flows  by  distortion,  shearing,  schist'ing, 
and  alteration  of  original  minerals  that  it  is  usually  not  possible  to 
differentiate  between  them.  The  principal  intrusive  rock  is  the  quartz 
porphyry.  Where  it  is  highly  schistose  the  feldspars  have  undergone 
alteration  and  the  rock  has  become  essentially  a  sericito  schist. 

Minimum  Series  of  Geological  Events  in  the  Porcupine  District 

1.  Building  up  of  essentially  conformable  Keewatin  lava  flows  on  an 
unknown  basement . 

2.  Local  folding  along  E-W  axis. 

3.  Intrusion  of  Alaskite  porphyry  with  marginal  brecciation. 

4.  Erosion  of  Keewatin-porphyry  surface. 

5.  Deposition  of  Timiskaming  sediments. 

6.  Cross-folding  along  N-W  axis. 

7.  Intense  folding  along  E-W  axis. 

8.  Development  of  shearing  and  schistosite,  accompanying  and/or 
following  E-W  folding. 

9.  Buckling  of  schistosity,  perhaps  during  erosion  and  uplift. 

10.  Intrusion  of  quartz  monzonite,  and/or  albltite  dikes. 

11.  Fracturing  of  rocks  in  a  highly  complicated  manner. 

12.  Complex  period  of  vein  deposition  and  attendant  mineralization. 

13.  Intrusion  of  diabase  dikes. 

14.  Post  vein  faulting. 

15.  Feeble  mineralization  along  late  faults.  » 

16.  Uplift  and  erosion. 

17.  Glaciation. 

18.  Modern  erosion,  sedimentation  and  weathering. 


Keewatin: 
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The  observed  results  of  events  2  to  11  inclusive  upon  the  varied 
group  of  rocks  was  sheading,  schisting,  fracturing  and  rock  alteration 
over  wide  areas.  Local  areas  show  variations  in  type  and  intensity  of 
these  results.  The  existence  of  these  conditions  wade  the  area  excep¬ 
tionally  favorable  to  the  entrance  of  mineralizing  solutions  and  ore 
deposition  in  the  host  rock.  The  intensity  of  fracturing  varies  from 
place  to  place  and  is  probably  influenced  locally  by  the  texture,  struc¬ 
ture,  and  weakness  of  the  rock  types  as  well  as  by  the  strt?sses ■ induced 
during  the  major  geological  events.  The  schistosity  in  the  Hollinger 
mine  dips  steeply  to  the  south  and,  like  the  larger  fractures,  pitches 
east . 


The  structure,  including  the  fracturing,  played  an  important  part 
in  the  vein  formation.  The  intricate  system  of  closely  spaced  veins 
lies  within  a  zone  of  shearing  and  fracturing,  which  itself  occurs  where 
a  coincidence  of  three  sets  of  folds  and  the  porphyry  masses  produced 
the  maximum  of  structural  complexity  at  the  point  of  greatest  diversity 
in  rock  type.  Over  100  of  these  veins  have  been  productive. 

Post -mineral  faulting  of  the  quartz  veins  has  displaced  them 
slightly  in  some  areas.  Mineralization  (sulphides  and  quartz-ankerite) 
sometimes  is  found  In  the  wall  rock.  Shearing  adjacent  to  and  parallel 
to  the  vein  is  common  where  definite  quartz  veins  cut  the  schistosity. 

The  veins  vary  from  a  few  inches  to  several  feet  in  thickness. 

Features  of  the  Hollinger  ore  deposits  which  affect  the  choice  of  stoping 
methods  are  as  follows: 

1.  Intricate  vein  systems  extending  for  long  distances  both  along 
their  strike  and  vertically.  These  are  composed  of  parallel, 
frequently  connected  ore  bodies  which  may  branch  upward, 
downward,  or  laterally. 

2.  The  pequirement  that  a  maximum  recovery  of  ore  be  obtained  with 
minimum  dilution  with  barren  rock,  maximum  safety,  and  pre¬ 
vention  of  subsidence. 

3.  Wall  rock  conditions  are  partly  favorable  because  the  schisting 
usually  makes  a  small  angle  with  the  strike  of  the  veins. 

This  tends  to  "key"  slabs  into  the  stope  walls.  Conditions 
are  unfavorable  where  cross  fractures  and  slips  or  flat-lying 
planes  of  weakness  decrease  the  strength  of  the  walls  and  the 
ore,  thus  affecting  the  support  required. 

4.  Wide  variations  in  the  width  of  veins  horizontally  and  verti¬ 
cally  frequently  occur  within  short  distances.  There  are 
places  where  widths  of  100  feet  are  opened  up  in  mining. 

5.  Variations  in  vein  filling  occur  from  a  preponderance  of 
quartz,  through  mixtures  of  quartz,. to  other  minerals  and 
included  wall  rock  in  different  proportions.  These,  taken 
in  conjunction  with  the  fracture  patterns,  give  rise  to 
different  strengths  of  vein  fillings  and  determine  the  artifi¬ 
cial  support  required  to  hold  the  stope  backs. 
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The  stoping  method  which  best  meets  the  requirements  imposed  by 
these  geological  conditions  is  horizontal  cut-and-fill  stoping. 
However,  shrinkage  stoping  is  employed  where  veins  are  narrower  than 
6  feet  and  the  walls  are  strong.  Cut-and-fill  stopes  are  usually 
started  as  shrinkage  stopes. 


Cut-and-Fill  Stoping 

McIntyre  Porcupine  Mines  .  ^  ^ ,  1 6 , 1 7 

Most  of  the  deposits  at  McIntyre  are  mined  by  horizontal  cut- 
and-fill,  although  square-sets  are  used  locally  to  mine  pillars  and  in 
stopes  where  the  ground  is  blocky. 

The  McIntyre  mine  is  located  on  the  north  limb  of  the  Porcupine 
syncline  which  lies  within  the  area  of  Keewauin  lavas  and  later  intru- 
sives.  An  area  of  Temiskaming  sediments,  which  occupy  the  central  trough 
of  the  Porcupine  syncline,  lie  to  the  southeast  of  the  McIntyre  property. 
(See  Figures  III 'A. 14  to  TIT  -A.  16).  The  Koevaf  in  l°vn<i  have  been  classi¬ 
fied  in  considerable  detail,  and  arc  known  as  bs.salt:  and  greenstones 
The  greenstones  are  the  coarse-grained  flows  or  parts  of  flows,  and  the 
basalts  are  the  finer-grained  variations.  There  were  three  periods  of 
intrusive  activity  with  entirely  different  types  of  rocks  formed  during 
each.  These  are  constituted  of  diabase  dikes,  albititc:  dikes  and  quartz- 
porphyry  masses.  The  diabase  dikes  cut  the  lava  flows,  porphyries  and 
veins,  strike  N-S  ore  NE-SW  and  have  steep  or  vertical  dips.  They  some¬ 
times  interfere  with  operating  conditions  underground.  The  albititc 
dikes  cut  the  lava  flows,  porphyries,  but  are  cut  by  the  veins.  These 
dikes  are  coarse-grained  and  consist  essentially  of  acid  plagioclase  and 
rounded  fragments  of  granitic  character.  Several  stocks  of  quartz- 
porphyry  are  intruded  into  the  tilted  and  folded  lavas.  They  are  all 
of  the  same  type,  difference's  in  hand  specimens  being  due  to  different 
degrees  of  aiteration  and  schtstosity. 

The  rocks  in  the  area  near  the  ore  have  been  subjected  to  com¬ 
pressive  forces  at  several  times  in  their  hisLory.  The  complex  folding, 
the  fractures  now  occupied  by  the  veins,  the  pre-mineral  and  post-mineral 
faulting,  and  a  broad  belt  of  schist  are  evidences  of  these  tectonic 
forces.  The  schist  strikes  N  65°  E  and  most  of  the  productive  veins  of 
the  Pearl  Lake  area  occur  in  it. 

It  is  believed  to  be  reasonable  that  the  lavas  were  folded  and  a 
regional  pattern  of  stress  control  was  In  existence  before  the  porphyry 
intrusion.  The  later  stresses  were  the  original  stresses  complicated 
by  the  action  of  cooling  porphyry  masses,  which  hod  a  marked  effect  on 
the  fracturing  of  the  schisted  and  unschisted  areas.  There  are  several 
planes  of  fracturing  cutting  and  the  schist ing  at  a  small  and  the  ore  is 
found  in  these  fractures. 

The  ore  La  of  two  types:  (1)  quartz  veins  wiLh  included  schist 
fragments,  and  (2)  irregular  replacement  bodies.  An  ore  body  may  include 
both  types,  and  Inasmuch  as  they  occur  m  fractures  which  are  common  to 
all  the  rock  types  of  the  area,  it  follows  that  the  wail  rocks  '.ay  he  any 
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Figure  III-A.14. 
Porcupine  mine. 
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Offset  block  diagram  of  the  geology  of  the  Mclntyr 
Ore  occurs  in  the  McIntyre  flow. 
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Fij’iire  Ill-A.lo.  Scope  section  showing  the  type  of  stope  geology 
encountered  in  the  McIntyre  mine.  Note  the  complex  structure, 
faults  and  the  graphitic  tuff. 
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of  the  types  or  their  derivatives.  The  following  may  be  said  in  general 
concerning  the  principal  alteration  processes  of  the  various  rock  types: 
The  basalts  may  show  any  type  of  alteration  to  any  degree,  while  the 
greenstone  and  dacites  also  show  any  type  of  alteration,  but  to  a  much 
less  marked  degree  than  the  basalts.  Porphyrys  are  not  chloritized 
like  other  rocks.  The  wall  rocks  made  up  of  the  lava  schists  or  their 
derivatives  usually  stand  well  unless  broken  up  by  faults.  The  wall 
rocks  of  contact  ore  bodies  in  porphyry  are  usually  carbonated  and 
sericitized.  They  tend  to  be  slabby  and  are  difficult  to  hold.  Dissem- 
nated  sulphide  ore  bodies  usually  occur  with  irregular  walls  due  to  the 
fact  that  mineralization  often  extends  away  from  the  main  fissure  into 
the  walls  alutig  joint  planes  and  fractures. 

Ore  bodies  dip  from  60°  to  vertical.  Lengths  vary  from  1,200  feet 
to  smaller  footages,  widths  up  to  100  feet,  with  the  average  width  being 
10  feet.  The  ore  deposits  possess  the  same  physical  characteristics  at 
all  horizons.  There  is  also  a  zone  characterized  by  the  unusual  develop¬ 
ment  of  an  amorphous  carbon  rock,  which  may  contain  as  high  as  7  percent 
of  carbon  in  local  areas  where  minor  cross  faulting  occurs.  This  zone 
strikes  about  N  60®  E  and  dips  to  the  S.  It  is  important  in  mining 
operations  because  it  intersects  three  of  the  principal  vein  systems. 
Where  this  occurs  there  is  often  a  considerable  displacement  and  conse¬ 
quent  dilution  of  the  original  vein  material  with  wall,  rock  of  a  more 
or  less  carbonaceous  nature.  At  these  intersections  the  vein  walls  are 
difficult  to  support  and  such  areas  are  usually  mined  by  square-sets 
or  square-sets  and  fill.  Employment  of  these  methods  of  stoping 
prevents  excessive  dilution,  allows  a  certain  amount  of  sorting,  and 
makes  for  safer  mining  conditions.  (Figure  III-A.16). 

The  major  part  of  the  ore  developed  to  1933  was  in  lava  schist 
of  a  friable  character  in  or  relatively  close  to  a  prophyry  contact. 

The  type  of  ore  body  and  the  type  of  wall  rock  may  vary  considerably 
within  short  distances.  This  factor  has  an  important  influence  on  the 
method  of  mining  to  be  used  in  a  given  area.  The  basalt  and  porphyry 
contact  areas  are  usually  highly  carbonated  and  sericitized.  In  the 
areas  characterized  by  this  type  of  alteration  the  wall  rocks  tend  to 
slab  off  and  dilution  of  the  ore.  becomes  a  serious  problem.  Hence, 
close  wall  support  is  necessary  during  the  mining  process. 

In  the  irregular  replacement  veins,  the  mineralization  has  tended 
to  follow  joint  planes  and  fractures  into  the  walls.  For  clean  mining 
and  for  complete  extraction,  close  wall  support  is  necessary.  In  local 
areas  faulting  has  weakened  the  structure  so  that  the  back  must  be 
supported  as  well  as  the  walls.  During  1933,  60  percent  of  the  mining 
was  by  cut.-and-f ill  methods,  it  was  then  predicted  that  this  percentage 
would  increase  as  depth  of  mining  increased. 

Anaconda  Copper  Mining  Company.^ ® ^ ^ 

In  the  Butte  mines,  closely  filled  flat-back  square-set  slopes  are 
employed  where  square-set  rill  stopes  or  horizontal  cut -and-f ill  slopes, 
or  ordinary  filled-rill  methods  are  not  applicable.  Geological  details 
of  shrm-hjr?  of  the  mines  In  this  district  are  also  exceptionally  com¬ 
plete,  and  for  this  reason  arc  described  here  in  detail. 
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Essentially  all  of  the  Butte  ores  occur  in  two  sets  of  faults  or 
fractures  in  a  country  rock  of  quartz-monzonite  which  constitutes  a 
portion  of  a  large  mass  that  intruded  Paleozoic  and  Cretaceous  beds  and 
Cretaceous  andesite  flows.  One  set  of  faults,  the  Anaconda  system,  has 
a  prevailing  east-west  strike  and  a  southerly  dip.  The  other  set  of 
faults,  the  Blue  vein  system,  strikes  toward  the  north-east  and  dips 
steeply  toward  the  south.  The  Continental  fault  (post-ore)  bounds  the 
east  end  of  the  district.  It  strikes  north,  dips  67°  west  and  has  a 
vertical  displacement  of  about  1,500  feet.  In  addition  there  is  present 
a  series  of  pest •mineral  faults  in  the  district  which  have  affected  the 
ore-bearing  faults  locally.  (Figures  III-A.17  and  III-A.18).  These  are 
typical  sections  which  show  the  manner  in  which  the  district  has  been 
faulted  and  disturbed,  creating  the  "horsetail"  structure,  described  by 
Sales.  ^8  Three  zones  of  mineralization  are  recognized:  (.1)  central 
zone  of  copper  arsenic  minerals  with  intense  alteration,  (2)  intermediate 
zone  containing  sphalerite-galena,  and  (3)  north  or  peripheral  zone 
containing  zinc  and  manganese. 

Due  to  the  complexity  of  the  vein  and  fault  structures  and  the 
small  scale  of  Figure  III-A.17,  only  larger  features  and  more  general 
structure  can  be  shown.  The  Anaconda  fissures,  which  are  continuously 
mineralized,  and  vein  filling  other  than  crushed  granite  are  shown  in 
black. 

The  fault  systems  are: 

1.  Anaconda  ore  east-west  systems,  comprising  the  oldest  known 
£ractures--highly  mineralized,  most  important  commercially. 

2.  Blue  system  (thrust  faults) --carl iest  post-Anacomla  fault 
fissure,  typical  fault  fissure  with  ore  occurring  in  shoots. 

3.  Mountain  View  breccia  faults--cut  Anaconda  and  Blue  vein 
systems . 

4.  Steward  system--sparingly  mineralized. 

5.  Rarus  fault- -urunineralized ,  post-Blue,  displacement  120-350  feet. 

6.  Middle  faults- -unminora lized , 

7.  Continental  fault--regarded  as  seventh  period  ol  fissuriug; 
unmineralized,  lies  outside  of  copper  producing  area, 

'.lock  Alteration.  Most  of  the  important  rock  alteration  i.n  the 
area  is  associated  with  the  Anaconda  vein  system  in  the  vicinity  of 
Anaconda  hill.  Alteration  has  taken  place  not  only  within  and  along 
veins  and  faults,  but  the  whole  rock  mass  including  granite,  apLite  and 
quartz-porphyry  has  been  subjected  to  metasomatic  processes,  producing 
a  rock  of  marked  difference  in  physical  and  chemical  character  from  the 
fresh  rock.  The  dark  granite  has  been  altered  to  a  whitish,  less  firm 
rock,  showing  considerable  amounts  of  fine  pyritc .  The  quartz -porphyry 
ha6  been  altered  to  a  yellowish-white  rock  with  gia»s>  phenocrysts  of 
quartz.  When  these  altered  rocks  arc  subject°d  to  the  action  of  meteoric 
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Figure  III-A.17.  Horizontal  section  of  the  Butte  District,  4,600  ft.  above  sea  level  (1,500  ft. 
below  surface),  showing  structural  relations  of  the  fissure  systems17. 


Ill -A. 37 


waters,  they  become  weaker,  more  porous  and  show  a  little  more  uniformity 
in  structure.  In  some  cases  in  new  workings  in  the  upper  levels,  the 
rock  breaks  into  great  slabs,  the  fracture  planes  extending  across  the 
rock  without  reference  to  joint  planes. 

The  alteration  is  attributed  to  three  causes:  (1)  vein  formation, 
where  the  alteration  was  caused  by  solutions  which  formed  the  ores:  (2) 
hydro-metamorphism  or  the  effect  of  descending  meteoric  waters;  and  (3) 
oxidation  processes. 

Alteration  is  not  necessarily  most  intense  in  regions  of  greatest 
crushing  and  brecciation  of  rock.  This  is  attributed  to  the  fact  that 
the  earliest  ascending  water  and  gases  were  more  active  due  to  their 
higher  temperature  and  more  concentrated  chemical  composition.  Imper¬ 
vious  crushed  granite  and  fault  clay  were  not  present  in  earliest  fractures 
and  fissures,  thus  the  gases  and  solutions  were  permitted  access  to  the 
wall  rock  at  all  points.  The  regions  of  oldest  fractures  were  subjected 
to  vein  forming  processes  over  greater  periods  of  time  than  areas  near 
later  fault  veins.  Chemical,  agents  were  aided  considerably  by  dynamic 
action  in  the  granite  and  other  rocks.  Breaking  and  crushing  of  the 
rock  on  a  Large  scale  not  only  provided  channels  for  gases  and  solutions 
but  exposed  greater  areas  of  the  rock  to  their  attack. 

Alteration  accompanying  vein  forming  processes  took  place  on  and 
near  principal  channel  fractures.  By  means  of  the  main  channels, 
associated  fissures  and  joint  planes  in  fissured  areas,  the  solutions 
penetrated  practically  all  of  the  granite  in  the  fissured  area.  Formation 
of  chlorite  and  pyrite  by  metasomatic  processes  characterized  this  stage 
of  change  in  the  rock  character.  The  thermal  solutions  attacked  first 
the  iron  silicates,  augite,  hornblends,  and  biotite,  forming  chlorite, 
epldote,  secondary  silica  and  pyrite,  followed  later  by  reaction  with 
plagiociase  and  orthoclase  feldspar  to  form  sericite  and  additional 
secondary  silica.  Continuation  of  these  processes  resulted  in  the 
disappearance  of  the  chlorite  and  epidote  and  the  formation  of  a  "pyri- 
tized"  granite,  consisting  principally  of  quaiLi,  sericite,  and  dissemina¬ 
ted  pyrite.  Inasmuch  as  metasomatism  proceeds  outward  from  the  main 
solution  channels,  the  alteration  is  more  intense  near  these  fractures. 

Cold  meteoric,  waters  percolating  through  unaltered  granite  have 
resulted  in  little  or  no  chemical  change.  The  oxidation  of  pyrite, 
formation  of  iron  sulphates  and  free  sulphuric  acid,  which  is  carried 
by  these  waters,  makes  the  action  of  the  cold  solutions  much  more  effec¬ 
tive  at  depths  to  300  feet.  Here  the  sericite  is  converted  to  kaolin 
which,  in  turn,  makes  the  granite  weaker  and  more  porous. 

Water  flow  through  the  rocks  decreases  in  the  upper  levels  as  more 
openings  are  made  at  greater  depth  in  the  near  vicinity.  The  slow  rale 
of  flow  of  water  from  greater  distances  indicates  that  the  circulation 
of  ground  water  in  the  Butte  granite  is  extremely  sluggish,  if  not 
practically  stagnant,  as  well  as  being  meteoric  in  origin. 
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Ore-Anaconda  Vein,  Of  the  seven  disci.net  fissure  systems  named 
above,  only  the  Anaconda  system;,  the  Blue  system  and  the  Steward  system 
are  ore  producing. 

The  Anaconda  veins  are  relatively  continuous  in  width  and  charac¬ 
ter.  Where  the  ore  has  replaced  relatively  firm  rock,  it  is  unusually 
hard  and  massive,  exhibiting  soma  imperfect  banding  due  to  replacement 
of  sheared  granite  or  deposition  along  closely  spaced  fractures. 

Splitting  of  veins  on  both  the  strike  and  dip  gives  rise  to  two  or 
more  separate  "footwali  and  hanging  viall  streaks”  varying  in  width  from 
one  to  100  feet.  The.  inter-vein  granite  is  highly  altered  and  netted 
with  veinlets  of  -mineral ogical  composition  similar  to  the  larger  veins.. 
Composition  may  vary  mineraLcgically  over  wide  ranges  of  percentage 
over  small  distances  both  along  the  strike  and  the  dip,  the  principal 
minerals  being  chalcoclte,  bornite,  enargita,  and  pyrite.  The  relative 
proportions  of  these  minerals  also  vary  from  one  extreme  to  the.  other. 

The  component  veins  may  or  may  not  be  well  defined,  an  ora  band  usually 
being  wider  and  more  persistent  than  the  rest;  the  smaller  veins  remain¬ 
ing  roughly  parallel,  separated  by  vein  granite.  Stoping  widths  vary 
from  5  feet  to  100  feet,  averaging  about  20  feet,. 

Faults  in  Anaconda  Veins.  Where  the  Blue  veins  system  intersects  the 
Anaconda  system  the  vein  material  is  shattered  and  broken,  exhibiting 
step  faulting,  strike  faulting,  and  general  disturbance  of  the  hanging 
wall  rock  and  footwali  rock  The  effect  of  faults  intersecting  at  right 
angles  is  more  marked  than  that  of  faults  intersecting  at  obLt.se  angles. 

In  strike  faults  the  movement  may  *  "ks  place  along  either  the  hanging 
wall  or  the  footwali,  or  both,  the  degree  cf  breakage  of  vein  material 
being  determined  by  the  amount  of  movement.  Later  solutions  may  remin- 
eralize  these  new  fractures  again  into  a  solid  mineral  complex,  a  common 
feature  of  the  Butte  veins. 

Blue  Vein  System  The  Blue  Veins  are  displaced  fissures  of  varia¬ 
ble  dip  but  relatively  uniform  strike.  There  is  considerable  branching 
and  rejoining  of  the  minor al i;:«d  fissures  to  include  horses  of  granite. 

The  fault  zone,  which  varies  in  width  from  5  feet  to  25  feet,  often 
exhibits  two  well-defined  movement  planes  characterized  by  seams  of  fault 
clay  from  0.25  to  2  Inches  in  thickness  These  seams  are  usually  accom¬ 
panied  by  crushed  granite  of  variable  thickness,  sometimes  occupying  the 
whole  width  of  the  fault  zone  It  represent s  a  distinct  zone  of  finely 
ground  granite  between  the  clay  seams  described,  the  whole  being  bounded 
by  solid  granite  hanging  wait  and  footwali 

Ore  minerals  are  chaloocite  unsrgite  arid  bornite  occurring  in 
irregular  shoots,  either  along  the  main  fissure  or  along  brunches  in  the 
fault  zone  A 1 o:m  the  strike  the  ore  shcots  art  separated  by  barren 

stretches  of  crushed  granite  between  the-  charac  ter  islit  clay  seams  The 
ore  is  less  massive  than  that  of  the  Anaconda  system.  Ore  formed  by 
replacement  of  crushed  granite  retains  it?  brecciafed  structure  and  may  be 
distinguished  thereby  from  ore  firmed  by  replacement,  of  solid  granite 
Valuable  minerals  also  often  m  no  in  .rushed  altered  granite  as  stringers 
and  veinlets  of  enppe-  min.- rain  wit!-  ni-.irtz  a->H  pyrite  in  limited  amounts, 
or  as  disseminated  chalcocite  in  t -i-.rhed  granite 
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With  respect  to  the  physical  character  of  the  ore,  that  found  in 
the  Anaconda  system  is  usually  harder,  wider,  and  more  massive  and  seldom 
exhibits  breccia  structure.  The  metasomatic  action  has  been  more  intense 
and  complete  than  in  fault  veins  where  vein  formation  processes  were 
disturbed  by  fault  movements.  Geological  evidence  all  leads  to  the  con¬ 
clusion  that  the  ores  were  derived  primarily  from  igneous  sources. 

A 

Geological  Factors  and  Operation.  In  many  sections  of  the  Butte 
district  the  alteration  is  most  pronounced  along  the  joint  planes  where 
the  wall  rock  of  the  vein  has  been  altered  and  decomposed  for  consider¬ 
able  distances  from  the  vein  itself.  Alteration,  in  addition  to  the 
adjusting  movement  of  the  rock,  has  so  diminished  the  structural  strength 
of  the  country  rock  that  stope  walls,  and  even  walls  of  drifts  and  cross¬ 
cuts,  lack  self-supporting  cohesiveness  and  tend  to  crumble  in  blocky 
masses.  This  characteristic  is  greatly  magnified  by  even  small  quantities 
of  percolating  icater.  The  continuity  of  structural  rock  support  is 
practically  destroyed  along  the  planes  of  numerous  and  complex  post¬ 
mineral  faults  that  are  characterized  in  most  placed  by  impalpable  gouge 
seams.  Frequently  these  faults  follow  the  walls  of  the  vein,  in  many 
cases  leaving  them  at  acute  angles  to  enter  either  the  vein  or  the  country 
rock,  often  returning  again  to  the  wall  of  the  vein.  These  unfavorable 
geological  structural  conditions  cause  sloughing  and  squeezing  of  the 
walls  and  backs  of  openings,  require  close  timbering  and  filling  of  stopes 
before  prolonged  exposure  to  air  and  demand  frequent  repair  and  replace¬ 
ment  of  timber.  In  order  to  permit  support,  drifts,  and  crosscuts  must 
be  of  small  dimensions,  which  prevent  the  use  of  cars,  locomotives  or 
mechanical  loaders  of  large  size.  Except  in  unusual  cases  when  veins 
are  small,  these  geologic  conditions  prevent  the  adoption  of  stull  tim¬ 
bering,  open  stoping,  shrinkage  stoping  or  caving  methods.  They  also 
restrict  the  size  of  shaft  compartments  and  loading  pockets  that  may  be 
used  without  danger  of  prohibitive  expense  of  jacketsetting  and  other 
maintenance.  For  the  same  geological  reasons  and  because  of  the  limited 
life  of  timber,  it  is  impractical  to  explore  or  develop  ore  reserves 
extensively,  so  that  plans  for  mining  ventilation,  etc.,  cannot  be  made 
without  reliable  knowledge  of  the  size  and  shape  of  the  ore  bodies. 

The  Butte  vein  systems  are  very  complex,  exhibiting  considerable 
variation  in  strike  and  dip,  and  displacements  of  the  veins  and  ore 
bodies  are  of  magnitudes  up  to  300  feet.  Post-mineral  faults  described 
above  cut  the  veins  at  many  different  angles,  and  often  divide  the  ore 
bodies  into  separated  blocks  of  ore  of  relatively  small  dimensions. 

This  greatly  complicates  the  work  of  development  and  the  location  of 
chutes  and  manways,  stoping  operations,  timbering,  etc.  Vein  dips  are 
seldom  flatter  than  ''i0°,  which  permits  the  ore  to  run  down  the  footwall 
by  gravity  unless  it  is  wet.  Walls  of  the  vein  are  predominantly 
distinct,  though  occasional  irregular  mineralization  extends  into  Lhu 
wallrock.  Except  where  the  vein  is  broken  by  faulting,  the  width  of 
the  oreshoct  is  usually  small  compared  to  the  length  and  depth  Many 
of  the  ore  bodies  are  from  15  to  100  feet  in  width,  so  that  single  timbers 
are  not  long  enough  to  make  suitable  caps  or  stulls  for  timbering  in  a 
large  part  of  stoping  operations.  This  has  resulted  in  the  general 
adoption  of  square-set  stoping,  except  for  the  narrow  veins  that  have 
walls  suitable  for  rill  stoping.  Ore  is  likely  to  be  considerably  wider 
and  of  higher  grade  at  the  intersection  of  veins,  either  on  the  strike 
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or  dip.  In  some  of  the  larger  vein  systems,  the  ore  frequently  occurs 
in  shoots  occupying  only  a  portion  of  the  width  of  the  vein,  the  remain¬ 
der  being  too  low  grade  to  be  commercial.  Frequently,  roughly  parallel 
shoots  occur  in  the  vein,  one  of  which  may  be  on  the  footwall  and  the 
other  against  the  hanging  wall,  with  sufficient  valuable  mineralisation 
between  the  two  to  make  continuous  ore.  In  other  instances,  the  two 
walls  may  be  connected  by  ore  shoots  traversing  either  the  strike  or  dip 
or  both.  The  ore  in  many  veins  may  occur  in  lenticular  form,  the  vein 
in  the  barren  portions  frequently  pinching  out  to  such  small  dimensions 
that  it  is  not  of  importance.  The  largest  oreshoot  of  the  district  is 
in  the  original  vein  system  of  the  Anaconda  Mining  Company.  It  varies 
in  width  from  10  to  100  feet,  averaging  approximately  25  feet,  and  has 
a  continuous  stoped  length  of  7,700  feet,  and  a  developed  depth  of  about 
3,600  feet. 

The  complication  of  geological  conditions  and  the  resultant  uncer¬ 
tainty  of  shape  and  location  of  branching  or  faulted  portions  of  ore 
shoots  make  it  impractical  if  not  impossible  to  follow  any  orderly  plan 
of  development  or  mining  without  deviation,  and  frequent  intermediate 
levels  and  other  openings  are  necessary. 

In  the  lower  levels  of  the  Butte  mines,  the  rock  and  water  tempera¬ 
ture  are  100°F.,  with  a  geothermal  gradient  of  10°F.  to  100  feet  of 
depth.  The  methods  and  costs  of  mining  are  effected  by  the  copper-acid 
water.  Most  pump  lines  must  be  constructed  of  lead  or  be  wood-lined. 

All  underground  metal  equipment  must  be  protected  from  corrosion.  The 
high  temperature  requires  extensive  and  careful  ventilation  engineering 
to  direct  considerable  volumes  of  fresh  air  to  each  working  face. 

Because  of  the  complexity  of  geological  structure,  unusually  com¬ 
prehensive  surveys  and  geological  mapping  must  be  made.  And  on  account 
of  the  large  amount  of  valueless  sulphide  material  In  the  copper  ores, 
it  is  difficult  to  determine  visually  the  relative  value  of  the  ores, 
requiring  in  turn  complete  and  systematic  sampling  and  assaying. 


Conclusions 


1.  Processes  of  alteration  accompanying  the  formation  of  the  Butte 
veins  seriously  affect  the  strength  ot  ore  and  country  rock.  Alteration 
by  thermal  solutions  depositing  the  ores  vitally  affected  the  strength 
uf  the  wall  rocks,  while  additional  chemical  changes  superimposed  by 
meteoric  waters  upon  thermally  altered  granite  cause  further  weakening 
in  the  upper  portions  of  the  rock  mass. 

2.  Solid  veins  composed  of  quartz,  pyrite,  and  copper  minerals 
tend  to  strengthen  the  ore  complex.  It  is  the  alteration  and  fault 
movements  which  cause  the  Butte  veins  to  require  timber. 

3.  The  addition  of  silica  and  solid  veins  and  stringers  tend  to 
strengthen  what  might  have  been  normally  a  weak  altered  country  rock. 

4.  In  general,  faulting,  jointing,  and  alteration  tend  to  weaken 
the  mine  structure,  while  the  mineralization  tends  to  strengthen  it. 


m-A.41 


Square-Set  Mining 
on  ?? 

Bunker  Hill  and  Sullivan  Mine  ’  ’ 

The  stratigraphy  of  the  district  has  been  listed  as  follows: 

Wallace  fortnation--calcareous  shales,  calcareous  quartzitic  sand¬ 
stone  and  a  thin  bed  of  limestone. 

Other  formations  total  19,800  feet  of  quartzites  and  shales. 

The  Wardner  district  is  believed  to  be  one  of  the  most  extensively 
faulted  regions  in  the  world,  97  faults  having  been  identified  and  named 
in  the  district.  Most  of  the  deposits  of  the  Coeur  d'Alene  occur  as 
metasomatic  fissure  veins,  tabular  in  shape  and  formed  largely  by  replace¬ 
ment  along  fissures  and  shear  zones.  The  veins  strike  in  a  N-W  direction 
and  are  nearly  vertical.  The  fissures  appear  to  have  been  made  by  fault¬ 
ing,  yet  the  displacement  of  the  faults  is  not  measurable.  None  of  the 
ore  zones  represent  a  structurally  important  fault.  Veins  vary  in  thick¬ 
ness,  in  some  places  having  been  formed  by  fissure  filling  and  other 
places  by  extension  into  the  wall  by  replacement. 

The  Bunker  Hill  fissure  shows  evidence  of  considerable  movement, 
the  pLanc  of  maximum  movement  being  marked  by  a  clay  gouge  one  to  two 
inches  fn  thickness.  Immediately  under  the  gouge  is  a  band  of  crushed 
quartzite  which  measures  a  few  Inches  in  thickness  up  to  a  foot  or  more. 

The  crushed  quartzite  grades  into  shattered  rock  and  then  into  an  irregu¬ 
larly  fissured  quartzite.  The  hanging  wall  quartzite  is  considerably 
fissured  and  shattered,  in  some  places  for  about  300  feet.  Most  of  the 
ore  occurs  as  large  irregular  bodies  in  the  hanging  wall,  the  whole 
300  feet  of  the  fissured  zone  being  regarded  as  a  lode  deposit  on  a 
grand  scale.  The  typical  ore  deposit  is  described  as  an  obscurely 
bounded  mass  of  shattered  quartzite  which  has  been  largely  altered  to 
stderite  and  encloses  numerous  irregular  bunches  of  galena  of  all  sizes 
up  to  masses  of  nearly  pure  lead  sulphide  several  feet  in  cross  section. 
These  bodies  of  galena  are  irregularly  distributed,  have  ragged  boundaries, 
and  grade  outwardly  into  sidcrite,  traversed  by  innumerable  stringers  of 
galena,  which  then  coalesce  here  ana  there  to  form  bunches  of  considerable 
size.  The  stringers  are  vpry  small,  few  of  them  being  over  a  fraction 
of  an  inch  in  width  and  many  not  much  thicker  than  a  sheet  of  paper. 

They  are  characterized  by  an  intimate  and  close  reticulation.  They  are 
so  closely  crowded  near  the  best  ore  that  a  slight  increase  in  thickness 
would  result  in  the  formation  of  a  mass  of  pure  galena,  and  it  is  evident 
that  they  represent  an  intermediate  stage  in  the  complete  replacement 
of  quartzite  by  galena.  The  fragments  of  the  shattered  quartzite  have 
been  aLtacked  by  the  ore-bearing  solutions  not  only  on  theit  outer 
surfaces,  but  along  multitudes  of  originally  microscopic  cracks  within 
cacli  fragment.  The  result  has  been  that  such  fragments  have  been  in 
many  areas  replaced  completely  by  galena.  Scarcely  any  of  the  ore  shows 
the  concentric  and  shelly  structure  observed  where  the  ore-bearing  solu¬ 
tions  have  heen  limited,  by  lack  of  permeability  of  the  rock  affected, 
to  a  peripheral  attack  on  the  fragments.  Not  all  bodies  are  of  this 
Lype.  Much  of  the  ore  occurs  as  large  solid  stringers  in  clearly  filled 
open  fissures.  The  relation  of  the  ore-bearing  fissures  to  structurally 
important  faults  is  not  known. 
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The  mining  methods  employed  at  the  Bunker  Hill  and  Sullivan  mine 
have  been  found  to  be  suited  to  irregular  occurrence  of  ore,  and  permit 
clean  mining  and  high  extraction.  The  ore  bodies  at  this  mine  occur  in 
a  severely  faulted  zone  of  Algonkian  quartziteB  and  have  been  much  dis¬ 
turbed  by  later  faults.  Although  the  metamorphism  of  the  region  is 
attributed  to  the  underlying  intrusives,  no  connection  between  these 
intrusives  and  the  deposition  of  ore  has  been  shown. 

The  deposits  occur  in  two  types  of  veins:  the  Bunker  Hill  vein  and 
the  Jersey  vein.  The  Bunker  Hill  type  consists  of  wide  irregular  masses 
of  galena  with  siderite  and  quartz  gangue.  There  is  ordinarily  one  well- 
defined  wall,  but  never  two.  The  dip  is  between  40°  and  50°.  About  80 
percent  of  the  ore  has  been  produced  from  this  type  of  vein.  Veins  of 
the  Jersey  type  vary  in  width  from  a  few  inches  up  to  40  feet  and  have 
dips  of  45°  to  50°.  They  carry  some  siderite,  but  the  ore  is  siliceous 
as  compared  to  the  Bunker  Hill  type  vein.  The  Jersey  veins  traverse 
hard  quartzite.  The  method  of  mining  used  is  square-set  and  fill.  Mining 
practice  is  to  remove  all  material  showing  galena.  A  definite  hanging 
wall  is  seldom  found,  and  the  overlying  rock  is  invariably  heavy. 

23 

The  following  is  stated  by  Easton:  The  process  of  cutting  out 

the  sill  floor,  and  stoping  the  ore  so  exposed,  calls  for  means  and 
methods  which  are  definitely  related  to  the  shape  of  the  ore  body  and 
its  mineralization.  These  conditions  must  be  met  and  allowed  for  as 
they  are  encountered.  The  structure  of  the  enclosing  country  rock  is 
pretty  much  disregarded,  because  square  sets  do  not  permanently  support 
the  rocks  which  enclose  the  void  created  by  stoping.  They  are  used 
primarily  for  protecting  the  workmen  from  falls  of  rock  and  to  afford 
passageways  for  manways  and  ore  chutes  when  the  atope  is  filled.  Good 
mining  practice,  especially  in  heavy  ground,  is  to  keep  this  filling 
right  up  to  the  face.  No  timber  c«r>  withstand  the  enormous  crushing 
effect  which  is  generated  by  large  underground  rock  openings.  Where 
the  stope  is  small  enough,  simpler  and  cheaper  methods  of  timbering  can 
be  used,  but  all  of  them  must  be  filled  with  waste  rock  to  avoid  the  risk 
of  caving  which  might  result  in  injuries  or  fatalities  to  the  workmen  and 
losses  of  ore  except  in  the  case  of  rare  instances  where  the  country  rock 
i 8  uniformly  hard  and  strong. 

In  this  mine  it  does  not  make  any  difference  whether  the  enclosing 
rocks  are  affected  by  faults,  intrusion,  metamorphism,  alteration,  by 
thermal  solution,  alteration  by  meteoric  water  or  other  geologic  condi¬ 
tion,  the  opening  created  by  mining  is  temporarily  sustained  by  timbering. 
Square-sets  are  used  where  the  ore  body  is  large,  and  where  shrinkage 
and  caving  methods  are  not  practical.  The  geological  details,  no  matter 
what  they  arc,  do  not  make  it  possible  to  depart  from  the  rigid  necessity 
of  replacing  the  ore  by  waste  filling. 
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McIntyre  Mine.  (See  also  cut-and-fill  stoping) 

Figures  I1I-A.15  and  Ill-A.16  are,  respectively,  a  plan  view  and 
a  cross-section  through  a  stope  on  the  No.  25  vein  between  the  3875  and 
3750  levels  showing  the  geology  and  the  timber. 
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There  are  very  few  stopes  at  McIntyre  which  have  followed  the 
square-set  method  from  level  to  level.  Most  of  them  are  mined  by  the 
flat  back  cut-and-fill  method.  Square-sets  are  commonly  used  for 
removing  floor  pillars  of  variable  height  depending  on  the  condition  of 
the  ground. 

In  some  stopes,  however,  where  widths  are  considerably  above  the 
average  (10  feet)  and  where  the  ground  is  blocky,  these  conditions  have 
forced  a  change  to  the  square-set  method  after  a  very  few  lifts  (floors) 
have  been  completed.  Figure  III- A. 16  is  a  good  example  of  this  condi¬ 
tion.  The  ore  is  a  quartz  vein  with  inclusions  of  graphitic  slaty  tuff 
or  argillite.  The  vein  lies  in  or  along  one  side  of  the  tuff  which  may 
be  strongly  sheared  and  considerably  contorted.  The  faults,  chiefly 
post-ore,  arc  marked  by  an  apparent  concentration  of  graphite,  which  is 
perhaps  merely  a  reorientation  of  the  flakes.  The  tuff  bed  is  about  30 
to  45  feet  wide  in  addition  to  the  vein.  It  lies  between  carbonated 
basalt  flows  and  is  cut  by  porphyry  dikes.  There  has  been  enough  move¬ 
ment  along  the  vein  walls  and  larger  inclusions  to  produce  graphitic 
slips  which  cause  the  rock  to  break  in  slabs. 

After  considerable  trouble  was  experienced  in  this  stope  by  falls 
of  ground  in  the  flat  back  cut-and-fill  method,  it  was  decided  to  mine 
the  remainder  in  vertical  slices  using  square  sets  for  support.  A 
similar  method  is  in  use  in  several  other  stopes  in  this  same  vein  system. 

r  j  25,26 
Frood  Mine 


The  formations  in  the  Sudbury  basin  consist  of  a  complex  group  of 
igneous,  sedimentary,  and  metamorphic  rocks.  The  structure  includes 
dikes  and  sills,  intrusions  of  granites  of  various  ages,  norite,  green¬ 
stone,  pegnatites,  and  many  others.  Quartz-diabase  dikes  are  later  in 
age  than  the  granite.  One  period  ol  formation  of  such  dikes  was  fol¬ 
lowed  by  a  period  of  faulting.  The  faults  strike  northeast  and  are  of 
the  overthrust  type.  The  Frood  breccia,  "crush  conglomerate , "  which 
is  found  at  or  near  every  major  contact  in  the  area  as  well  as  in  places 
of  minor  disturbance  such  as  folds  and  small  faults  were  also  formed 
during  a  related  period. 

Most  of  the  valuable  mineralization  is  found  in  areas  of  quartz- 
diorite  and  quar tz-diorite  breccias  and  commercial  deposits  are  located 
in  these  formations  at  the  intersection  of  breccia  zones. 

The  Frood-stobie  ore  body  lies  in  a  dike-like  noritic  rock  body 
known  as  the  Frood  offset.  This  offset  was  the  localizing  agent  for 
the  mineralizing  solutions,  and  Is  nearly  all  minpral 1  zed .  A  good  por¬ 
tion  of  it  is  ore  and  the  geometry  of  the  deposit  is  essentially  the 
geometry  of  the  offset.  Although  a  large  tonnage  of  ore  does  occur  In 
adjacent  rocks,  it  parallels  the  structure  of  the  offset  and  the  amount 
is  small  compared  with  the  tonnage  in  the  offset. 

The  dike-like  ore  body  strikes  northeasterly,  dips  75°  to  the  north¬ 
west,  and  has  an  overall  length  of  9,500  feet.  The  principal  ore  body 
1**~  1  ng  milled  L.i  s  !s>L>e  of  the  deposit  which,  extends  below  the  1200  level. 
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At  the  1600  level  it  is  3,500  feet  long  and  averages  85  feet  in  width. 

The  width  becomes  greater  at  higher  horizons  because  the  hanging  wall 
dips  more  steeply  than  the  footwall.  The  outline  of  the  ore  is  habit¬ 
ually  smooth  except  where  it  is  broken  by  a  minor  fault,  which  displaces 
the  ore  about  50  feet.  Also,  there  are  several  rolls  or  spurs  of  ore 
which  extend  into  the  hanging  wall  rocks,  approximately  perpendicular 
to  the  dip  of  the  ore  body.  These  irregularities  are  due  to  the  local 
structural  control  of  the  hanging  wall  rocks,  and  each  has  a  character¬ 
istic  rake  which  permits  reliable  projection  of  its  position  for  reason¬ 
able  distances. 

The  ore  has  been  classed  in  four  divisions:  (1)  disseminated  ore, 

(2)  breccia  ore,  (3)  massive  sulphides,  and  (4)  siliceous  ore.  The 
bulk  of  the  ore  is  constituted  of  disseminated  pyrrhotite,  pentlandite, 
and  chalcopyrite  in  the  noritic  rock. 

The  breccia  ore  and  massive  sulphide  occur  as  a  thin  discontinuous 
sheath  around  the  disseminated  ore  and  as  an  important  solid  body  of 
high  grade  sulphides  extending  500  feet  down  the  dip  from  the  disseminated 
ore.  The  latter,  however,  is  associated  with  the  surrounding  rocks  rather 
than  the  offset  rock.  The  breccia  ore  consists  of  schist  remnants  and 
rounded  rock  fragments  embedded  in  a  matrix  of  fine-grained  sulphides 
flecked  with  black  silicate  minerals. 

The  siliceous  ore  is  found  below  the  heavy  sulphide  types  where  the 
latter  fingers  out  as  stringers  and  weak  disseminations  in  rock  which 
consists  mostly  of  schisted  Frood  breccia. 

The  disseminated  ore,  together  with  the  surrounding  breccia  ore 
and  the  massive  sulphide,  constitute  a  compact  mining  unit.  Minerali¬ 
zation  terminates  rather  abruptly  at  the  margins  of  the  ore  body,  at 
places  against  clean  partings.  Gradational  boundaries  which  require 
control  sampling  do  not  occur  except  in  the  siliceous  ore.  The  dissemi¬ 
nated  ore  is  a  structurally  strong  body  which  tends  to  break  to  an  arched 
back  in  stoping.  It  is  considered  good  mining  ground.  The  massive 
sulphide  ore  tends  to  slab  horizontally,  and  where  ore  projections  extend 
into  the  hanging  wall,  particularly  heavy  ground  conditions  are  sometimes 
encountered . 

The  country  rocks  surrounding  the  offset  rock  belong  to  the  Frood 
series  of  inter-banded  quartzite,  rhyolites,  greenstones,  and  gabbroic 
sills,  all  of  which  arc  penetrated,  particularly  along  their  contacts, 
by  the  Frood  breccia.  The  physical  behavior  of  these  rocks  under  mining 
conditions  is  of  prime  interest.  The  rhyolite  is  brittle,  well  jointed, 
and  has  a  high  bursting  potent ial ,  which  gives  rise  to  the  worst  mining 
conditions  in  the  mine.  The  breccia  tends  to  slough  because  it  is  heter¬ 
ogeneous  and  somewhat  schisted,  although  sloughing  is  not  serious.  The 
quartzite  is  found  impure,  commonly  sericitic  or  micaceous,  and  provides 
reasonably  good  ground.  The  gabbro  and  greenstone  are  medium  to  fine¬ 
grained  rocks  which  are  firm  except  where  they  have  been  loosened  along 
the  joints.  These  members  of  the  Frood  series  are  relatively  thin  and 
since  they  lie  at  low  angles  to  the  ore  body,  attempts  to  locate  openings 
in  the  safer  rocks  arc  hampered.  Longer  cross-cuts  may  traverse  all 
types  of  rock,  but  it  is  sometimes  possible  Lu  favur  the  best  ground  in 
laying  out  drifts  and  raises. 
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The  square-set  method  of  mtning  Is  employed  to  mine  higher  grade  ore 
deposits  where  complete  extraction  is  desirable,  where  the  ore  and  walls 
require  support  during  stoping  operations,  and  where  it  is  necessary  to 
prevent  caving  and  subsidence  of  overlying  and  surrounding  ground.  It 
is  applicable  to  ore  deposits  of  all  sizes,  shapes,  dips  and  degrees  of 
irregularity.  This  method  is  also  used  to  mine  rib  pillars,  crown 
pillars,  and  floor  pillars  in  filled  stope  areas.  Remnants  of  ore  left 
in  place,  not  recoverable  by  other  methods,  and  broken  ore  left  between 
chutes  in  filled  shrinkage  stopes,  have  been  recovered  by  the  use  of 
square  sets.  Inclined  cut-and-fill  is  used  in  narrow,  irregular  ore, 
where  back  support  is  not  necessary  but  wall  support  is  necessary. 
Horizontal  cut-and-fill  was  first  chosen  as  the  method  uf  mining,  but 
as  the  stopes  were  opened  up,  great  numbers  of  cleavage  planes  and  num¬ 
erous  cross  fractures  in  the  ore  made  square-setting  necessary. 

Lake  Shore  Mine^ ^ ^ ® 

The  productive  veins  of  the  Kirkland  Lake  district  lie  within  a 
belt  of  pre-Catnbrian  sedimentary  rocks  composed  of  metamorphosed  tuff, 
conglomerate,  and  greywacke,  which  occupies  a  synclinal  trough  in  the  old 
Keewatin  basement.  The  syncline  is  about  two  miles  across,  and  the 
strike  of  the  beds  is  N  60°  E.  Intrusives  occur  in  the  form  of  dikes 
and  bosses,  and  these  make  up  a  greater  part  of  the  ore  zone.  The  most 
important  of  the  intrusives  is  the  porphyry,  which  is  believed  to  be 
related  to  the  mineralization. 

The  Lake  Shore  ore  bodies  are  made  up  of  secondary  minerals  which 
are  deposited  in  the  crushed  and  brec.ciated  zones  formed  by  an  earlier 
system  of  faults.  The  important  geological  events  leading  up  to  and 
following  the  mineralization  are  as  follows: 

(1)  Folding  of  sedimentary  rocks  and  development  of  the  syncline 
now  found  at  Kirkland  Lake. 

(2)  The  intrusion  of  the  granitic  offshoots  along  the  ore  zone. 

(3)  The  formation  of  a  series  of  overthrust  faults  as  a  result  of 
pressure  applied  from  the  southwest. 

(4)  The  injection  of  deep-seated  mineral  solutions  along  some  of 
the  faulted  zones.  It  is  probable  that  a  good  part  of  the  min¬ 
eral  deposition  took  place  during  the  period  of  faulting. 

(5)  Tangential  strain  acting  on  the  country  to  the  cast  produced 
a  series  of  post-ore  faults,  accompanied  by  the  deposition  of 
calcite,  barite,  quartz,  and  chlorite  in  narrow  seams.  This 
same  type  of  mineralization  i,s  found  in  cross  faults. 

The  Lake  Shore  vein  system  is  part  of  the  general  fracture  pattern 
which  was  produced  by  the  faulting  referred  to  in  (3)  above,  which  formed 
a  parallel  series  of  easterly-striking  sheared  zones  jointed  by  weaker 
diagonal  fractures. 
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At  the  Lake  Shore  mine  there  are  two  veins,  the  north  and  the  south 
vein-faults  which  represent  the  main  structures.  Each  fault  zone  is 
made  up  of  several  parallel  fractures  with  characteristically  diagonal 
breaks  joining  them.  The  resulting  structure  is  that  of  vein  zones 
broken  up  into  roughly  diamond -shaped  blocks  of  all  sizes.  The  same 
block  pattern  exists  between  the  two  veins. 

North  Vein  Zone.  This  vein  is  the  most  productive,  extends  more 
than  2,800  feet  horizontally,  4,500  feet  vertically,  strikes  N  70°  E 
and  dips  75°  to  82°  to  the  south.  The  fracture  zone  is  more  than  100 
feet  wide  in  the  west  portion  of  the  ore  body,  but  is  narrower  to  the 
east.  Within  the  fracture  zone  there  are  heavy  parallel  shears  or  mud 
seams  marking  the  planes  of  movement,  and  the  rock  between  the  breaks 
is  highly  crushed  and  brecciated.  While  the  heaviest  shear  is  on  the 
footwall  side  of  the  ore,  this  is  not  always  the  case,  and  where  the- 
fracturing  is  widespread,  there  are  two  or  more  well  defined  east-west 
shears.  It  is  along  the  heavy  breaks  where  the  most  continuous  and  uni¬ 
form  ore  bodies  are  found.  However,  in  some  places  where  the  main 
channels  have  apparently  been  rendered  impervious  to  the  flow  of  solu¬ 
tions  by  the  mud  and  gouge,  they  contain  very  little  ore,  and  the  sub¬ 
sidiary  cracks  and  branching  fissures  may  be  mineralized. 

Parallel  ore  bodies  are  found  in  the  vein  zone  on  the  west  side  oil 
the  mine  where  parallel  fractures  have  been  mineralized.  In  some  cases 
the  veins  are  separated  by  horses  of  waste,  while  in  others  the  crushed 
ground  between  contains  sufficient  amounts  of  valuable  minerals  to  per¬ 
mit  mining  of  the  whole  width. 

The  minable  width  of  ore  varies  considerably  from  place  to  place 
along  the  vein,  depending  upon  the  extent  of  the  fracturing  because  the 
latter  was  the  primary  control  in  ore  deposition.  Where  branching  ore 
shoots  join  due  to  difference  in  dip,  this  creates  a  difficult  mining 
problem  because  stoping  above  wide  sections  of  ore  eventually  reaches 
a  point  where  it  becomes  necessary  to  divide  the  width  into  two  parts, 
The  intervening  waste  pillars  are  usually  highly  crushed  and  are  conse¬ 
quently  very  difficult  to  support.  Numerous  cross  slips  occur  in  the 
wider  ore  bodies  in  certain  parts  of  the  deposit,  but  these  appear  to 
be  part  of  the  pre-ore  fracture  pattern.  In  general,  the  hanging  wall 
of  the  ore  body  is  not  well  defined,  and  its  outline  is  less  regular 
than  the  footwall  side.  Test  holes  are  drilled  into  the  hanging  wall 
side  to  determine  the  ore  limits. 

South  Vein  Zone,  The  South  vein  is  in  a  strong  fractured  zone 
which  parallels  the  North  vein  and  lies  about  400  feet  south.  While 
the  fracturing  is  similar  in  appearance  to  that  in  the  North  vein,  the 
structure  is  not  as  strong  and  the  ore  shoots  are  less  continuous  and 
narrower.  This  was  due  in  part  to  the*  fact  that  the  crushing  was  less 
intense  and  the  rock  between  fractures  is  firmer  and  not  so  badly 
broken  up.  The  ore  may  be  lower  in  grade,  and  parallel  ore  bodies  are 
much  less  common.  Post-mineral  faulting  has  caused  very  few  mining 
problems.  Only  one  large  fault  and  a  few  small  ones  are  known  to  exist 
which  have  been  subject  to  movement  subsequent  to  mineralization.  The 
ore  in  the  North  vein  is  practically  one  continuous  body  cf  ore,  while 
that  in  the  South  vein  occurs  in  several  important  shoots. 
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Nature  of  Ore  and  Wall.  Rocks.  The  porphyry  and  syenite  are  very 
highly  altered  in  the  vicinity  of  the  North  vein  and  the  rocks  are  much 
lighter  in  color.  The  whole  fault  zone  is  intensely  crushed  and 
brecciated,  including  the  ore  body  itself.  Quartz  has  been  introduced 
as  fillings  around  broken  fragments  of  rock,  as  irregular  masses  and 
stringers,  and  not  as  clear  cut  veins.  The  quartz  itself  contains  many 
fractures  around  which  additional  quartz  containing  gold,  tellurides, 
sulphides,  and  a  minor  amount  of  carbonates  were  deposited. 

Coarse  sulphides  are  lacking,  except  for  local  segregations  of 
chalcopyrite,  and  lesser  amounts  of  galena,  in  some  of  the  post-ore 
calcite  seams,  Due  to  the  intense  fracturing,  the  ore  in  the  North 
vein  tends  to  become  loose  during  mining  operations.  This  is  parti¬ 
cularly  true  in  the  other  sections,  where  parting  frequently  takes 
place  along  horizontal  planes.  The  result  is  the  formation  of  rather 
large  blocks  of  loose  ore  or  rock  which  must  be  supported  by  timber 
cribs  in  the  stopes.  Horses  of  waste  in  stope  areas  and  thin  pillars 
between  parallel  ore  bodies  fail  easily  and  are  difficult  to  hold. 
Inasmuch  as  these  pillars  always  contain  some  values  they  may  be  in¬ 
cluded  with  the  ore  rather  than  to  attempt  to  hold  them  in  place  if 
they  are  not  too  large. 

In  the  South  vein,  although  the  rock  has  been  less  aeverly  crushed 
than  that  in  the  North  vein,  there  has  been  more  intense  si  Unification 
close  to  the  main  shears  and  considerably  more  fine  sulphide  minerali¬ 
zation  has  been  introduced  into  the  ore.  The  resulL  is  a  firmer  rock 
and  ore  which  requires  less  support  in  mining.  Parting  along  flat  seams 
is  also  less  frequent  in  this  type  of  ore. 

Jointing  is  an  important  feature  of  the  wall  rocks  of  both  vein 
zones.  As  a  result,  the  walls  are  weak  along  both  ore  bodies.  The 
effect  is  more  noticeable  in  the  North  vein,  due  to  tne  more  intense 
crushing.  During  mining,  particularly  if  the  wail  rock  is  porphyry, 
smaller  angular  blocks  are  formed  along  the  walls  and,  if  they  are 
unsupported  by  backfill  or  timber,  the  sloughing  will  extend  for  some, 
distance  into  the  walls  of  the  ore  body.  When  the  walls  are  made  up 
predominantly  of  basic  syenite,  larger  lenticular  slabs  are  formed. 

They  are  usually  bounded  by  smooth  planes  coated  with  chlorite  and 
other  secondary  minerals,  the  presence  of  which  results  in  treacherous 
stope  walls  which  require  very  careful  attention.  Sulphide  minerali¬ 
zation  is  more  plentiful  in  the  South  vein. 

Effects  of  Pressure.  One  of  the  problems  encountered  in  deep 
mining  is  the  movement  of  rook  around  mine  openings  induced  by  the  in¬ 
creasing  rock  pressure  accompanying  increasing  depth.  Evidence  of 
increased  pressure  is  usually  indicated  by  a  sag  in  the  hanging  wall 
which  may  be  accompanied  by  bursting  of  the  rock.  Rock  bursts  are  the 
sudden  failure  of  rock  under  stress  of  pressure,  with  considerable 
expenditure  of  energy.  They  occur  at  comparatively  great  depths  and 
depend  upon  local  geological  conditions. 

Rock  Bursts.  The  factors  influencing  the  incidence  and  severity 
of  rock  bursts  are  summarized  as  follows:  (1)  depth  of  workings,  (2) 

structural  features  of  ore  and  enclosing  rocks,  (3)  dip  of  the  ore  body, 
(4)  concentration  of  mining  operations,  and  (5)  rate  of  mining. 
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(1)  Depth  of  workings: 

For  similar  geological  structures,  the  incidence  of  rock  bursts 
and  possibly  their  violence  increase  with  the  depth  of  the  mine  workings. 
Movement  of  the  rock  around  openings  at  shallow  depths  is  usually  limited 
to  sloughing  while  the  rock  structure  adjusts  itself  to  the  presence  of 
the  new  openings.  At  greater  depths,  however,  there  is  a  tendency  for 
the  rock  around  the  opening  to  move  toward  it  in  an  attempt  to  establish 
equilibrium  conditions.  According  to  the  doming  theory,  this  action 
causes  the  formation  of  arches  over  the  opening  as  successive  layers  of 
the  rock  reach  their  ultimate  strength  and  fail.  This  process  continues 
until  the  dome  becomes  large  enough  that  it  will  maintain  itself.  The 
size  of  the  dome  depends  upon  the  size  of  the  excavation,  the  nature  of 
the  wall  rocks,  the  method  of  support,  and  the  depth  of  the  workings. 

The  most  severe  bursts  occur  where  there  is  a  merging  of  domes  from 
contiguous  stopes. 

The  primary  cause  of  all  movements  of  rock  at  depths  in  a  mine  is 
believed  to  be  the  rock  pressure  due  to  the  weight  of  the  overlying  mass. 
This  pressure  might  increase  linearly  with  depth  only  if  hydraulic  con¬ 
ditions  are  assumed,  but  the  rigidity  of  the  rock  and  discontinuities  of 
geologic  structure  almost  preclude  such  an  assumption. 

(2)  Structural  features  of  ore  and  enclosing  rocks: 

The  walls  of  mine  openings  are  not  homogeneous  in  structure,  conse¬ 
quently  the  presence  of  joints,  contacts,  bedding  planes,  fractures, 
dikes,  etc.,  tend  to  relieve  the  stresses  which  would  otherwise  be  bul.lt 
up  in  the  rock.  Pieces  of  rock  have  been  known  to  fly  off  of  the  face 
of  contacts  with  explosive  violence.  The  physical  character  of  the  rock 
is  also  important,  because  hard,  brittle  rocks  are  more  susceptible,  to 
bursting  than  soft,  weaker  ones. 

(3)  Dip  of  the  ore  body: 

Rock  bursts  are  more  likely  to  occur  in  steeply  dipping  deposits 
than  in  those  which  dip  at  low  angles.  If  the  downward  pressure  is  re¬ 
solved  into  normal  and  tangential  components,  it  is  suggested  that  in 
the  case  of  flaL  lying  deposits,  most  of  the  pressure  is  normal  to  the 
deposits  or  openings,  and  all  of  the  cumulative  effect  of  the  pressure 
is  not  transmitted  to  the  lower  workings.  In  steeply  dipping  deposits, 
the  pressure  is  mostly  tangential  and  is  carried  downward  In  a  cumulative 
manner , 

(4)  Concentration  of  mining  operations: 

Mining  extensively  in  one  area  finds  to  increase  the  instability  of 
the  rock  and  the  tendency  toward  rock-bursts,  because  of  the  greater 
amount  of  open  space  and  the  merging  of  domes. 
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(5)  Rate,  of  mining: 

Mine  development  opens  up  only  small  areas  and  has  little  effect 
upon  rock  movement.  When  stoping  is  well  under  way,  however,  and  a 
larger  portion  of  the  solid  support  of  the  walls  furnished  by  the  ore 
body  has  been  removed,  the  effects  of  the  pressure  become  serious. 

The  most  common  bursts  in  the  Lake  Shore  mine  are  (1)  strain  bursts 
in  exceptionally  hard  brittle  rock,  and  (2)  pillar  bursts  where  the 
pillars  are  too  small  or  too  few  to  support  the  constantly  increasing 
load . 


The  porphyry,  and  the  syenite  to  a  lesser  extent,  are  strong  and 
somewhat  brittle  rocks.  They  are  resistant  up  to  a  point  of  failure, 
as  compared  to  soft  schistose  rocks  where  the  relief  of  stress  is  a 
more  gradual  process.  To  what  extent  the  fracture  system  in  the  rock 
affects  the  occurrence  of  rock  bursts  is  not  known  conclusively. 

The  type  of  rock  burst  experienced  at  the  Lake  Shore  mine  has  been 
associated  with  the  floor  pillars  developed  as  part  of  the  cut-and-fill 
method  of  mining.  As  a  result  of  a  study  of  the  causes  of  rock  bursts, 
a  square-set  fllled-rill  method  was  evolved  to  mine  the  block  of  ore 
from  the  2575  level  to  the  3200  level.  This  effectively  eliminated  the 
objectionable  features  of  the  cut-and-fill  method  which  resulted  in 
bursts  of  the  floor  pillars  left  during  mining. 


Top  Slicing  and  Sublevel  Caving 
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Gogebic  Range.  ' 

Roth  lop  slicing  and  sublevel  caving  are  employed  to  mine  iron  ore 
deposits  on  the  Gogebic  Range.  The  ore  bodies  are  found  in  several 
horizons  in  a  series  of  steeply  dipping  (55°  to  70°)  cherty  and  slaty 
beds  which  rest  on  a  quartzite  footwall.  The  formations  are  very 
regular  both  along  their  strike  and  dip.  The  deposits  usually  occur  as 
iron  concentrations  in  V-shaped  pitching  troughs  which  are  formed  by  the 
Intersection  of  igneous  dikes  with  the  footwall  quartzite  and  with  im¬ 
pervious  slaty  members  of  the  geologic  column.  (Figures  III-A.19  and 
III -A. 20). 

The  size  and  shape  of  the  ore  bodies  vary,  with  dimensions  from  a 
few  to  several  hundred  feeL  in  width  and  depth,  and  from  several  hundred 
co  several  thousand  feet  in  iengtli.  The  ore  is  composed  of  soft,  red, 
partly  dehydrated  hematite  with  lesser  amounts  of  hard  or  specular 
hematite . 

From  the  accompanying  geologic  section  (Figure  ll'i-A.19),  it  is 
noted  that  the  hanging  wall  consists  of  a  partly  leached  cherty  iron 
formation  and  slates  which,  as  capping,  vary  considerably  in  tenacity 
and  hardness-  As  a  rule  they  break  into  blocks  or  slabs  which  form  an 
interlocking  gob  as  they  cave,  and  arch  over  sc  that  they  require  only 
light  temporary  support  while  the  slices  are  being  driven  and  caved  back. 


member 


Figure  II'I-A.  20 .  Centralized  geological  section  of  the  Gogebic  Range. 
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Most  of  the  ore  bodies  are  V-shaped  in  transverse  section,  which 
makes  them  especially  suitable  to  mine  by  sublevel  caving.  This  follows 
from  the  fact  that  the  shape  delays  the  caving  of  the  gob  due  to  the  ore 
bodies  being  narrower  on  each  successively  lower  sublevel,  which  in  turn 
assists  in  producing  an  arch  effect  in  the  gob. 

The  boundary  between  the  ore  and  the  wall  rock  is  often  well  defined, 
but  is  sometimes  very  irregular.  The  hanging  wall  rocks  in  some  places 
contain  considerable  amounts  of  iron  minerals.  However,  where  this  is 
the  case  any  small  dilution  of  the  ore  by  hanging  wall  rock  does  not 
seriously  affect  the  grade  of  the  ore  being  mined.  As  a  rule,  the  out¬ 
lines  of  the  ore  bodies  are  very  irregular,  due  to  the  cross-fault  zones 
and  erratic  occurrence  of  ore  above  the  impervious  bottoms  of  the  troughs. 

Some  of  the  mines  in  this  area  are  deeper  than  3,000  feet,  which 
causes  heavy  pressures  around  the  ming  openings.  Consequently,  all 
drifts  in  ore  require  timber  support.  In  some  places,  drifts  in  the 
immediate  footwall  require  even  more  timbering,  although  this  is  not 
usually  the  case.  Also,  in  some  localities  the  beds  are  broken  and  dis¬ 
placed  by  faults  of  variable  strikes. 

In  the  Eureka  mine,  the  beds  are  displaced  by  numerous  faults,  dis¬ 
placements  varying  from  100  feet  to  600  feet.  The  faults  dip  and  strike 
in  all  directions.  In  some  cases,  they  have  aided  in  formation  of  the 
ore  bodies  and  other  cases  have  served  to  prevent  deposition  in  other¬ 
wise  favorable  localities. 

Most  of  the  ore  is  a  soft  red  hematite  which  requires  timber  support 
in  all  mine  openings.  The  top  of  the  footwall  is  constituted  of  a  band 
of  soft  red  slate  which  has  the  characteristics  of  shale  where  it  is 
adjacent  to  ore  bodies.  It  slabs  off  easily  and  is  a  constant  cause  of 
dilution  of  the  ore.  The  hanging  wall  or  capping  is  usually  found  to 
be  a  cherty  iron  formation,  and  the  contact  between  this  formation  and 
the  ore  is  very  irregular.  The  hanging  rock  is  usually  structurally 
strong  enough  to  stand  without  support.  However,  when  blocks  of  this 
rock  are  weakened  by  mining  operations,  they  slab  off  after  ore  has  been 
removed . 

Two  types  of  ore  bodies  are  found  in  the  Eureka  mine.  (Figure 
III-A.21).  The  most  typical  one  consists  of  masses  of  ore  which  are 
triangular  in  cross  section  lying  at  the  intersection  of  diorite  dikes 
with  the  footwall.  The  other  type  consists  of  narrow  blankets  of  ore. 

5  to  20  feet  in  width  which  lie  on  the  footwall.  The  capping  is  strong 
and  hard,  but  has  been  weakened  longitudinally  by  seams  of  ore  and  trans¬ 
versely  by  cross- jointing  planes  8  to  20  inches  apart. 


Block  Caving 


Climax  Molybdenum  Mine 

The  geological  conditions  at  the  Climax  mine  are  summarized  by 
Bucky  as  follows:  31 
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Shape ,  The  top  portion  of  the  deposit  is  dome-shaped,  the  next 
lower  portion  being  an  elliptical  ring  with  the  center  area  barren  and 
siliceous.  The  ore  body  beneath  this  is  also  elliptical  in  shape  with 
the  center  ore-bearing. 

Dimensions .  At  the  Phillipson  level  the  ore  body  is  an  elliptical 
ring  with  an  axis  of  3,000  feet  in  the  northeasterly  direction  and  an 
axis  of  2,800  feet  in  a  southeasterly  direction.  The  mineralized  section 
is  400  feet  wide.  Its  depth  is  unknown. 

Dip .  The  dip  is  steep  and  variable,  from  90''  to  doming  over  the  top. 

Capping ■  The  thickness  varies  from  0  to  considerably  over  300  feet. 

Estimated  Tonnage.  Over  100,000,000  tons. 

Ore  Mineralization.  Molybdenite  is  found  finely  disseminated  in 
quartz  ve inlets  in  fractures. 

Ore  Characteristics.  Valuable  minerals  occur  in  a  silicified  schist 
and  granite,  and  in  early  porphyry. 

Mineral  Content  of  Ore.  Varies,  estimated  fraction  of  1  percent. 

Physical  Characteristics  of  Ore  Body,  The  granite  is  hard  but  is 
cut  by  numerous  small  sericitic  fractures.  The  ore  body  in  general  is 
intensely  fractured.  The.  degree  of  silicification  varies  from  intense 
at  the  footwall  to  slightly  altered  at  the  hanging  wall. 

Physical  Characteristics  of  Capping.  Composed  of  the  same  type  of 
rock  as  the  ore  body,  but  has  been  subject  to  considerable  surface  alter¬ 
ation  and  less  silicified.  It  is  softer  and  weaker  than  the  ore  body. 

32 

Descriptions  from  a  recent  study  of  King  are  repeated  here  in 
considerable  detail  because  his  work  illustrates  the  qualitative  geolo¬ 
gic  principles  of  rock  mechanics  and  block  caving.  A  horizontal  section 
of  the  mine  on  the  Phillipson  level  (Figure  III-A.22)  shows  that  the 
outer  ore  zone  is  an  annular  ring  varying  in  width  from  300  to  800  feet, 
surrounding  barren  silicified  rock.  Vertical  sections  (Figures  III-A.23 
and  II1-A.24)  reveal  the  ore  zone  to  be  dome  shaped  with  its  apex  trun¬ 
cated  by  glaciation.  An  outer  ore  zone  overlies  the  barren  core 
described  above,  and  is  itself  overlain  on  the  flanks  of  the  dome  wlLh 
unminera 1 ized  rock.  The  central  ore  zone  of  similar  shape  lies  under 
the  core  of  barren  rock. 

The  molybdenite  is  distributed  uniformly  through  a  zone  of  moderately 
silicified  granite,  schist,  and  quartz  monzonite  porphyry,  around  the 
highly  silicified  core.  It  occurs  in  veinlets  associated  with  fine 
granular  quartz  and  pyrite,  these  minerals  replacing  altered  and  frac¬ 
tured  granite,  schist,  and  porphyry,  and  as  coatings  on  numerous  fractures 
in  these  rocks. 
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Figure  III-A.2A.  Vertical  section  through  the  Climax  ore  body.  Climax  Mine. 
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While  the  Climax  ore  body  is  intensely  fractured,  many  fractures 
are  mineralized  and  no  longer  represent  planes  of  weakness.  Much  of 
the  fracturing  is  post-mineral,  however.  These  fractures  are  generally 
filled  with  sericite  and  gouge,  or  they  remain  as  unmineral ized  joints 
separating  otherwise  massive  rock  into  blocks  of  various  size. 

Important  differences  in  the  behavior  of  ore  and  various  types  of 
rock  were  recognized  and  a  study  was  made  to  determine  the  relation  of 
the  cave-ability  of  the  rocks  to  their  physical  characteristics.  This 
study  brought  out  the  importance  of  geological  structures,  including 
mineralization,  silicification,  sericitization,  and  decomposition. 

For  classification  purposes  tha  rock  was  divided  into  four  types: 

(1)  very  strong,  (2)  moderately  strong.  (3;  moderately  weak,  and  (6)  very 
weak.  Each  can  be  readily  distinguished  from  the  others  and  their  dis¬ 
tribution  is  shown  in  the  accompanying  sections. 

The  rocks  in  class  (1)  are  very  strong,  hard,  and  competent,  They 
are  constituted  of  that  material  which  i3  unmineralized  and  relatively 
unfractured  around  the  ore  body,  and  of  rock  which  has  been  highly  min¬ 
eralized,  such  as  that  occurring  inside  the.  footwall  of  the  ore  zone. 

Here  the  original  rock  is  almost  completely  replaced  by  quartz  and 
fracturing  and  jointing  are  present  in  minimum  amounts.  Rock  of  this 
description  represents  that  at  one  extreme  end  of  the  range  of  physical 
characteristics . 

The  rocks  with  properties  of  these  in  class  (4)  are  very  weak,  soft, 
and  incompetent,  and  are  best  represented  by  the  broken  and  crushed  rock 
found  along  fractures  and  faults.  Characteristic  features  Include  in¬ 
tense  fracturing  and  crushing  sericitization,  banded  quartz  with  vugs, 
coarse  fluorite  and  pyrite.  This  type  of  rock  constitutes  not  more  than 
one  percent  of  the  area  of  any  section. 

Most  of  the  rock  falls  in  classes  '2)  and  (3).  Moderate  silici¬ 
fication,  generally  fresh  rock,  wide  spacing  of  fractures  (6  inches  to 
more  than  2  feet)  are  characteristic  features  of  moderately  strong  roc.k. 
Poet-mineral  faults  are  not  prominent  in  this  class,  nor  is  there  much 
sericite  or  soft  material  filling  the  new  fractures  that  are  present. 

Moderately  weak  rock  is  distinguished  from  class  (2)  by  a  more 
closely  spaced  (1  inch  to  2  feet)  fracture  pattern,  by  the  presence  of 
more  iron  oxide  and  sericite  along  the  fractures,  and  by  partly  de¬ 
composed  rock. 

The  caving  properties  of  these  locks  are  as  follows: 

1.  The  first  class  is  considered  uncaveable  because  it  is  capable 
of  maintaining  support  and  can  arch  over  openings  of  several  hundred 
feet.  Also,  if  sufficiently  large  stopes  could  be  developed  to  causa 
failure  in  this  type,  the  caved  ••ock  would  break  into  blocks  too  large 
for  efficient  handling.  This  type  of  rock  occurs  in  the  silicifiod 
core,  but  affects  mining  adversely  in  only  one  area. 
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2.  Moderately  strong  rock  is  caved  successfully,  but  stopes  should 
be  more  than  200  feet  by  200  feet  to  initiate  caving  if  the  stope  is 
isolated  from  other  caved  rock.  The  caved  blocks  of  rock  are  generally 
large  and  will  conform  somewhat  to  the  spacing  of  fractures  and  joints, 
There  is  little  tendency  to  pipe  or  funnel  because  arches  form  and  be¬ 
come  stable  over  several  draw  points.  This  causes  high  hangups  and  pre¬ 
vents  excessive  draw  from  the  individual  points.  When  the  draw  is 
extended  laterally,  the  rock  eventually  caves  over  a  larger  area.  This 
type  of  rock  is  stable  for  most  underground  openings  and  constitutes 
about  40  percent  of  the  total.  Little  or  no  timber  is  required  at 
intersecting  drifts  or  raise  and  shaft  stations. 

3.  Moderately  weak  rock  caves  readily  and  the  rock  breaks  to  a 
size  (up  to  10  feet)  that  is  easy  to  handle  through  draw  points  and 
in  slusher  drifts.  Two  s Lusher  stopes  are  sufficient  to  start  caving 
(200  feet  by  100  teet).  Large  drifts  in  this  type  of  rock  require 
timbering.  It  makes  up  about  one-half  the  total  volume  of  the  miner¬ 
alized  area. 

4.  Very  weak  rock  is  not  sLable  for  large  openings,  and  drifting 

or  raising  through  this  type  of  ground  requires  complete,  close  timbering. 
Unsupported  openings  as  large  as  25  feet  fail  and  cave.  The  problem  is 
not  in  getting  the  rock  to  cave,  but  in  maintaining  slusher  drifts  and 
stations,  and  fingers  long  enough  to  draw  large  tonnages. 

It  is  believed  that  the  general  fracturing  of  the  mineralized  area 
makes  block  caving  possible.  A  good  portion  of  the  rock  between  frac¬ 
tures  is  hard  and  strong,  and  the  whole  mass  would  be  very  competent 
if  it  wore  not  separated  into  blocks  by  fracturing.  The  majority  of 
breaks  occur  along  existing  planes  of  weakness.  The  weak  structures 
are  those  that  have  fractures  filled  with  sericite,  or  thin  pyrite  and 
molybdenite  veins. 

Following  are  some  Important  principles  regarding  the  distribution  • 
of  rock  classes  relative  to  the  surface,  silicif icat ion,  rock  types, 
and  mineralization.  The  rock  within  one  hundred  feet  of  the  surface 
has  been  weakened  as  a  result  of  the  processes  of  chemical  change  and 
decomposition  characteristics  of  the  surface  rocks.  This  is  shown  in 
the  accompanying  vertical  sections.  Most  fractures  exhibit  iron  oxide 
or  iron-stained  sericite  filling,  and  in  many  places  actual  oxidation 
has  penetrated  the  rock.  Diamond  drill  cores  from  this  rock  are  soft, 
vuggy,  and  break  into  gravel  when  they  are  split. 

Other  moderately  weak  rock  occurs  west  of  the  ore  body  adjacent 
to  the  Mosquito  fault.  Here  the  rock  is  predominantly  schist  with 
little  silicif ication  and  exhibits  a  Moderately  close  spaced  fracture 
pattern.  Difficulty  in  diamond  drilling  is  above  average  and  core 
recovery  is  lower  than  average, 

The  extremely  strong  rock  can  be  correlated  roughly  with  high  sili- 
c if ication,  but  it  does  not  occupy  the  entire  zone  of  silicif icat Ion . 

Here  is  found  a  minimum  of  post -miner al  fracturing,  and  definite  pyrite 
and  molybdenite  veinlets  are  not  present.  However,  widely  separated 
fracture  zones  and  joints  coated  with  molybdenite  do  occur,  and  these 
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probably  cause  the  relatively  stable  rock  to  break  up  after  it  has 
been  undermi;  ad  by  caving  on  the  lower  levels.  The  central,  silici- 
fied  barren  core  is  an  arch-shaped  mass  of  very  strong  rock,  with  but 
few  fractures  which  would  permit  caving  if  it  were  ore. 

Moderately  strong  rocks  and  moderately  weak  rocks  occur  irregularly 
in  all  formations.  These  include  granite,  schist,  and  quarts  monzonite 
porphyry,  which  have  been  equally  fractured.  Porphyry  dikes  cutting 
across  the  ore  body  are  prominent  weak  structures.  Two  major  faults 
are  important  because  of  their  location,  primarily  because  they  must  be 
avoided  when  large  openings  are  planned. 


Conclusions 


1.  Silicif ication  is  closely  related  to  strength  where  there  has 
been  nu  post -mineral  faulting. 

2.  General  fracturing  makes  caving  possible.  This  is  aided  con¬ 
siderably  by  alteration  and  thinly  mineralized  fissures  of  pyrite  and 
molybdenite.  The  weak  structures  are  fractures  filled  with  sericite, 
or  the  thinly  mineralized  veins. 

3.  Schist,  porphyry,  and  granite  are  equally  fractured,  mineralized, 
and  altered.  All  strengths  of  rock  may  occur  in  any  of  them. 

4.  The  caving  characteristics  of  the  Climax  ore  body  are  thus 
related  in  a  quantitative  manner  to  the  geologic  structure  and  physical, 
properties  of  the  ore  and  rock. 
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Vanderwi.lt  notes  that  alteration  increases  gradationaily  from 
the  hanging  wall  side  of  the  ore  zone  to  the  footwall  side.  The  foot- 
war!  ts  a  massive  fine-grained  quartz  replacement  of  the  host  rock 
(granite,  schist,  and  quartz  prophyry) .  The  alteration  consists  of 
quartz  and  orthoclase  replacement  as  well  as  general  decomposition  of 
the  feldspars  which  makes  it  difficult  to  distinguish  rock  Lypes  in 
some  areas  in  the  ore  zone. 

The  rock  throughout  the  whole  ore  zone  is  cut  by  closely  spaced 
fractures  which  show  no  predominant:  pattern  or  orientation  except  in 
local  areas.  The  spacing  of  fractures  In  the  ore  varies  on  the  average 
from  less  than  an  inch  to  about  6  inches.  In  the  fine-grained  quartz 
in  the  footwall  the  spacing  Is  about  6  inches  to  24  inches.  This 
quartzose  rock  is  stronger  than  the  rock  in  the  ore  zone. 

The  rock  between  fractures  is  moderately  hard  and  strong,  the 
best  visible  evidence  of  strength  being  the  number  and  type  of  frac¬ 
tures  present.  As  described  above,  King  used  these  as  a  basis  for 
mapping  the  caveability  of  the  rock. 

The  various  kinds  of  fractures  and  lines  of  weakness  may  be  classi¬ 
fied  in  four  groups:  (1)  The  first  is  the  oldest  and  includes  small 
(0.0?  to  0.1  inch)  quartz-molybdenite  veins,  some  of  which  have  been 
well  cemented  with  quartz.  (2)  The  second  group  to  develop  consists  of 
many  quartz-topaz-pyr i te  seams  carrying  minor  quantities  of  cha lcopyr lte , 


III-A.61 


sphalerite,  galena,  and  wolframite.  (3)  The  third  group  contains  numer¬ 
ous  tight  joints  and  open  fractures  filled  with  sericite,  which  cut  both 
molybdenite  and  pyrite  veins.  (4)  The  last  group  includes  many  partly 
cemented  fractures  which  were,  reopened  by  post-mineral  movement.  As  the 
rock  caves  during  mining  operations,  the  post-mineral  fractures  and 
sericite-f Hied  fractures  are.  the  most  favorable  planes  of  weakness  along 
which  separation  takes  place.  Separation  along  pyrite  seams  is  common, 
while  the  quartz-molybdenite  veins  are  the  least  important  lines  of 
weakness . 


Inspiration  Mine. 


31 


The  Inspiration  ore  body  is  a  mass  of  irregular  outline  with  a 
bottom  which  is  reasonably  regular.  Its  average  length  is  8,000  feet, 
average  width  is  800  feet,  and  average  thickness  is  200  feet.  The  dip 
of  the  deposit  varies  from  0°  to  30°  and  the  capping  varies  from  0 
to  500  feet  in  thickness.  The  ore  minerals  arc  chalcocite,  malachite, 
asurite,  and  chrysocolla,  which  are  distributed  along  cracks,  fractures, 
and  in  crevices.  Chalcocite  and  cuprite  are  found  disseminated  in 
(Pinal)  schist  and  (Schultz)  granite. 

The  ore  body  has  been  completely  fractured  and  is  very  weak.  Due 
to  the  fractures  it  caves  readily.  The  ore  body  is  bounded  on  the  east 
by  a  fault  on  the  other  side  of  which  lies  the  Miami  deposit.  On  the 
west  the  deposit  becomes  too  thin  for  possible  mining. 

The  capping  is  also  very  weak,  but  breaks  too  fine,  does  not  pack 
and  flows  readily. 
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Case  History  o£  Underground  Power  Station 


Power  Station.  Snowy  Mountains,  Australia. 

One.  of  the  most  successful  applications  of  a  combined  knowledge 
of  rock  mechanics  and  its  relationship  to  structural  geology  is  found 
in  the  construction  of  a  power  station  in  Snowy  Mountains,  Australia. -^>35 
The  station  is  eleven  hundred  feet  underground  in  a  granite  mass  which 
exhibits  sheeting,  faulting,  and  jointing.  The  dimensions  of  the  ma¬ 
chine  hall  are  306  feet  in  length  by  77  feet  in  maximum  width  with  a 
height  of  104  feet  maximum.  Physical  properties  of  rocks  were  deter¬ 
mined  together  with  residual  rock  stresses.  These  were  utilised  in 
relationship  to  rock  structure  in  an  effort  to  orient  the  openings  in 
order  to  avoid  weakening  the  underground  structure.  Photoelastic 
studies  were  also  made  to  ascertain  important  stress  concentrations. 

Geology .  The  regional  geology  of  the  area  is  shown  in  Figure  III-A.25. 
Rugged  mountains  in  the  area  are  composed  predominantly  of  granitic  rocks 
and  slightly  metamorphosed  sedimentary  rocks  whose  age  varied  from  Ordovi¬ 
cian  to  Devonian.  In  plateau  areas  the  granite  is  intensely  altered  but 
in  low  stream  valleys  is  found  to  be  fairly  fresh.  The  Tumut  River  near 
the  power  station  has  cut  a  steep  V-shaped  valley  about  2000  feet  deep 
in  the  table  land,  while  to  the  east  the  basalt  from  a  plateau  fills  a 
floor  of  an  ancient  valley.  Both  of  these  structures  may  have  affected 
the  residual  underground  stresses.  As  shown  in  Figure  III-A.26  the  T1 
and  T2  power  stations  have  been  located  in  a  complex  mass  of  granitic 
paragneiss  and  granulite  which  has  been  intruded  by  sheets  of  granite. 

The  metamorphic  rocks  are  known  as  the  Boomerang  Creek  granitic  gneiss 
and  the  igneous  granite  as  Happy  Valley  granite.  Marginal  zones  of  the 
granite  are  heavily  faulted  and .sheared ._  The  immediate  area  in  the 
vicinity  of  the  power  station  is  intersected  by  a  series  of  overthrust 
faults  with  zones  of  crushed  rock,  clay,  and  close  jointing  near  or  in 
fault  zones.  Because  of  the  instability  of  surface  soil  and  weathered 
surface  rock  the  penstocks  were  placed  underground.  The  geology  of  the 
T1  power  site  is  shown  in  Figures  III-A.26  and  III-A.27. 

Geological  Structure  of  the  Site.  As  indicated  above,  the  rock  in 
the  area  of  the  power  station  site  1b  of  two  types,  gneiss  and  granite. 

The  granite  is  found  in  sheet-like  masses  100  to  300  feet  thick  intruding 
into  the  gneiss.  The.  contact  between  these  two  types  of  rock  is  grada¬ 
tional,  varying  in  thickness  from  a  few  feet  to  as  much  as  20  feet. 

These  rock  masses  are  intersected  by  a  series  of  overthrust  faults 
which  trend  northeast  and  generally  dip  30°  to  40°  southeast.  A  large 
fault  is  found  in  the  locality  of  the  headrace  surge-tank  which  i.e  about 
1000  feet  in  elevation  above  the  main  machine  hall.  The  fault  zone 
ranges  in  thickness  between  50  and  90  feet  and  consists  mainly  of  closely 
Jointed  granite  which  contains  several  seams  composed  of  crushed  rock 
and  clay  one  to  five  feet  thick. 

A  second  fault  zone  is  found  in  the  tailrace  tunnel  4,000  feet 
downstream  of  the  station.  Tectonic  action  has  resulted  in  a  very 
closely  jointed  and  softened  gneiss  which  contains  many  thin  crushed 
zones  and  clay  seams  up  to  one  foot  in  width.  The  power  station  is 
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thus  in  a  mass  of  rock  which  lies  between  these  two  faults.  The  site 
itself  is  free  from  major  faults  but  the  rock  mass  evidences  much  pre¬ 
vious  strain  in  the  form  of  slickensides  along  joints  and  by  the  pres¬ 
ence  of  minor  faults  which  are  related  to  the  ones  of  major  size.  Two 
small  faults  which  show  littLe  displacement  intersect  the  machine  hall. 
Both  have  resulted  in  fracturing  and  jointing  in  the  granite  and  gneiss. 
An  additional  fracture  zone  occurs  in  the  lower  part  of  one  of  the 
power  station  wails  but  is  found  only  in  the  granite. 

Both  types  of  rock  are  jointed,  the  pattern  being  similar  in  each. 
Spacing  of  the.  joints  in  the  gneiss  however,  is  closer  than  that  in  the 
granite  and  the  character  of  the  joint  surfaces  is  also  different.  The 
joint  pattern  has  indicated  that,  the  joints  may  be  grouped  into  three 
principal  sets  (Figure  IIT.~A.27).  Most  of  the  ground  water  inflows  into 
the  excavations  were  found  to  come  in  through  the  joints  of  set  c, 
whereas  the  other  two  sets  were  practically  dry  . 

Whi Le  many  of  the.  joints  appear  to  be  slickensided  the  majority 
were  rough  enough  to  have  a  high  coefficient  of  friction.  The  effect 
of  this  is  to  offer  considerable  resistance  to  slipping  or  rotational 
shear.  Much  of  the  jointed  rock  immediately  around  the  excavation  was 
comparatively  loose.  Slight  movements  in  the  crushed  blocks  here  re¬ 
lieved  the  stress  and  transferred  it  to  the.  layers  behind.  Thus,  it  is 
postulated  that  a  destressed  zone  of  rock,  exists  immediately  about  the 
openings.  Two  forms  of  supports  were  used  to  hold  this  loose  rock  in 
place,  that  of  conventional  steel  supports  and  rock  bolts.  The  manner 
of  placing  the  bolts  in  supports  was  based  upon  the  results  of  a  program 
of  investigation  designed  to  evaluate  the  best  techniques  for  bolt 
installation. 

The  first  considerations  concerning  geologic  structure  were  the 
placement  of  roof  bolts  to  offer  support  to  the  immediate  surface  of 
the  excayations,  such  support  to  be  of  both  temporary  and  permanent 
nature.  The  bolts  were  ten  to  fifteen  feet  long  and  were  spaced  on 
centers  of  about  four  or  five  feet.  Spacing  was  varied  somewhat  to 
conform  with,  the  directions  of  fracturing  and  jointing.  in  ar'mi  vlv. r« 
excessive  loosening  of  rock  fragments  recurred,  particularly  in  the 
vicinity  of  faults,  steel  mesh  was  “irq  loyrd  between  rock  bolts.  Rock 
failure  by  rupturing  or  spalling  was  noted  only  in  the  case  of  isolate') 
pillars.  Strain  measurements  war'-  made  both  in  reinforced  concrete  arc  It 
ribs  and  horizontal  aluminum  prints  at  flu  ends  of  concrete  ribs  and  an¬ 
gular  rotation  points  on  reinforced  concrete  ubutmenL  beams  Certain 
asymmetries  in  roof  strain  were  observed  and  were  believed  to  be  at  least 
in  part  due  to  the  topography  rf  the  valley  near  thu  installation  site. 
The  presence  of  faults  nearby  may  .i1«e  have  an  effect  (S«f-  alt-r  Chapter 
I  and  VI)  . 
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DETAIL  PROCEDURE  FOR  COMPUTATION  OF  STRESSES 


Introduction 


In  this  appendix  a  method  of  computing  stresses  in  ribs  is  explained 
step  by  step.  To  illustrate  this  explanation  the  stresses  in  a  2-piece 
continuous  rib  for  a  tunnel  with  a  semi-circular  roof,  Example  No.  1, 
is  computed. 

Example  No.  2  is  included  to  show  the  effect  of  side  pressure  on 
straight-legged  ribs  and  the  beneficial  effect  of:  converting  the  tunnel 
cross-section  to  a  full  circle  when  side  pressures  are  encountered. 


Example  No.  1  24  Ft.  x  27  PL.  Tunnel. 

Construction  of  Load  Diagram 

See  Fig.  IX-A.l,  a  tunnel  24  ft.  wide,  semi -circular  arch,  13  ft. 
vertical  side  walls.  Crown  is  assumed  to  be  hinged  and  the  ends  of  the 
arch  arc  fixed. 

].  Draw  the  outside  "design"  line  of  the  concrete  for  hall  the 
tunnel . 

Draw  in  the  rib,  with  its  outside  flange  on  the  outside  design 
concrete  line.  Assume  1"  rib  depth  for  each  3  foot  of  tunnel  width. 

Draw  neutral  axis  of  rib:  8"  rib. 

3.  Draw  in  the  "overbreak"  Ji.uu  parallel  to  outside  flange,  of  rib; 
8"  offset  from  rib. 

4.  Assume  the  maximum  blocking  point  spacing  and  indicate  the 
blocking  points  on  the  outside  flange  of  the  rib.  line  blocking  point 
should  be  at.  the  junction  between  arch  and  straight  leg  (at  or  near 
the  spring  line);  another  located  not  more  Llinn  6  in.  from  the  crown 
joint,  Label  the  blocking  points  1,  2,  3,  etc.,  starting  at  the  spring 
I  i  ne . 


As  the  t  iti  must  In  designed  for  maximum  conditions,  Lho  second  and 
Llifrd  blocking  points  from  the  crown  joint  should  he  at  the  maximum 
spacing  from  the  first  blocking  point.  This  induces  maximum  thrust  in 
the  arch.  A  maximum  blocking  space  should  separate  Lite  spring,  line 
block  ing  point  from  the  one  next,  above  to  induce  maximum  bonding  moment- 
in  the  straight  leg:  30  in.  maximum  blocking  point  spacing. 

■>,  Project  blocking  points  radially  to  the  ove “break  line  and  Dell 
I  r.i  1  axis. 


1 

‘proctor,  11. V.,  ot.  al.,  Rock  Tunnel  ing  with  Steel  Support: Conifer  tin  1 
Shearing  and  Stamping,  l')4t>. 
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6.  Assume  the  upper  boundary  of  the  body  of  rock  which  is  to  be 
carried  by  the  rib.  Draw  vertical  lines  upward  from  the  mid-points 
betv?een  the  overbreak  blocking  points.  The  panels  thus  obtained  repre¬ 
sent  the  volume  of  rock  acting  at  each  blocking  point:  10  ft.  of  rock. 

7.  Assume  a  rib  spacing,  and  weight  per  cubic  foot  of  rock.  Com¬ 
pute  the  vertical  load  at  each  point  and,  to  some  suitable  scale  of  pounds 
per  inch,  show  each  load  acting  vertically  on  the  overbreak  blocking 
point,  as  W„  in  Fig.  IX-A.l. 

Data:  10  ft.  of  rock;  4  ft.  rib  spacing;  weight  of,  170 
lbs.  per  cu.  ft.  =  6800  lb.  per  ft.  of  rib,  projected  on 
a  horizontal  line. 

8.  As  shown  in  Fig.  9,25  resolve  each  vertical  force  W  at  the 
overbreak  blocking  point  into  a  radial  load  force  F  and  a  tangential 
component  F  if  the  tangent  is  inclined  less  than  25°  to  the  horizontal, 
otherwise  at  25°  component  as  in  Fig,  9.24h. 

9.  Show  an  upward  vertical  reaction  Rv  at  the  spring  line  (point  1) . 

10.  Draw  in  the  chords  connecting  the  neutral  axis  blocking  points. 

These  chords  represent  the  direction  of  the  thrust  in  each  panel. 


Construction  of  Force  Polygon 

11.  From  a  common  point  (pole)  draw  a  vertical  ray  and  rays 
parallel  to  each  thrust  line  (chord)  and  label  them  T^_£»  T2-3*  etc* 

End  up  with  a  horizontal  ray  R^. 

12.  Compute  the  sum  Ryt  of  all  the  vertical  loads  W  which  act 
on  one-half  of  the  tunnel  roof.  According  to  Fig.  IX-A.l  the  roof 
carries  only  one  of  the  two  components  of  each  of  the  weights  W.  There¬ 
fore  the  total  vertical  pressure  Ry  on  one-half  of  the  roof  is  smaller 
than  Ryt*  However,  its  real  value  is  not  yet  known.  Hence,  It  is  nec¬ 
essary  to  construct  a  trial  polygon  starting  at  an  arbitrarily  selected 
point  on  the  ray  Rv.  For  the  sake  of  convenience,  it  is  advisable  to 
assume  this  point  nt  a  distance  0.80  Kvt  frry.:  the  pole.  Starting  at 
this  point  draw  a  line  (parallel  to  tovcc-  f.  on  the  load  diagram) 

to  intersect  ray  1-2.  From  this  intersection  draw  a  line  parallel 
to  force  F,  to  intersect  r»y  2-3,  and  repeat  until  the  horizontal  ray 
R^  is  reached,  thus  completing  the  trial  fore.d  polygon. 

Rvt  is  86133  lbs.  807.  of  Rvt  is  68906  lbs. 

13.  Now  compare  on  the  polygon  with  force  on  t^le  load  dia¬ 
gram,  with  force  and  so  on.  Usually  at  one  or  more  points  the 

radial  component  F  on  the  load  diagram  will  exceed  the  corresponding 
trial  polygon  force  f. 

14.  Transfer  all  forces  F  which  exceed  the  corresponding  Lcial 
polygon  forces  f  to  the  polygon,  extending  the  rays  as  necessary,  and 
complete  a  new  polygon  for  the  force  f  farthest  removed  from  the  pole. 
This  is  the  true  force  polygon.  It  will  be  noted  that  all  the  other 
true  polygon  forces  f  are  now  greater  than  the  corresponding  forces  F 
on  the  load  diagram,  Thu  excess  represents  the  force  of  passive  resis¬ 
tance  mobilized  by  the  rock  against  the  active  tendency  of  the  rib  to 
advance  toward  the  rock.  Maximum  excess  is  at  point  6.  in  Fig.  IX-A.l 
the  passive  resistance  furnished  by  the  rock  has  been  plotted  as  the 
thick  part  of  the  arrow. 
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Determination  oj:  Thrusts 


15.  The  length  of  the  rays  of  the  true  force  polygon  represent 
thrust.  Since  the  design  must  be  based  on  the  moat  unfavorable  stress 
conditions,  determine  which  is  the  longest  ray.  Thrust  is  uniform  and 
maximum  in  all  panels  of  maximum  block  spacing  because  of  constant  curva¬ 
ture  of  rib.  Thrust  scales  85600  lbs. 

Note:  The  excess  of  RyL  over  R  in  Fig.  IX-A.l  represents  that 
part  of  the  rockioad  on  the  roof  which  is  transferred  by  friction  forces 
onto  the  rock  located  next  to  the  tunnel,  'it  is  always  very  small  com¬ 
pared  to  the  total  load  which  the  friction  forces  could  carry.  Thus,  for 
instance,  in  Fig.  IX-A.l  the  excess  amounts  to  about  0.02  R^  whereas  the 
friction  forces  could  carry  at  least  R,  x  tan  25°  =  0.45  R^.  This  is  due 
to  the  fact  that  the  vertical  component  of  the  passive  forces  (thick 
part  of  the  arrows  Fj  to  F^)  relieves  the  load  which  would  otherwise  be 
carried  by  the  friction  forces. 


Bending  Moment 

16.  As  stated  in  Chapter  IX  it  is  not  worth  while  to  determine  the 
intensity  of  the  various  moments  as  the  rib,  being  of  constant  section, 
must  be  proportioned  for  the  maximum.  This  maximum  occurs  at  the 
blocking  point  next  to  the  crown  joint  blocking  point.  The  bending  moment 
M^  cannot  exceed  .86  Mt  and  for  design  purposes  may  be  taken  an  .86  Mt. 
Maximum  moment  is  at  point  5. 


Maximum  Total  Stress 


17.  The  sum  of  the  compressive  stress  due  to  the  thruBt  and  the 
maximum  compressive  stress  due  to  bending  is  the  maximum  total  stress. 


Computations  for  St rssses  in  Arch  Rib 

18.  The  following  symbols  are  used  in  the  formulas  below: 

C  a  Chord  length  between  neutral  axis  blocking  points,  in  inches, 
(measured  on  the  load  diagram  or  computed):  48.4  in.,  computed 
R  =  Radius  of  neutral  axis  of  rib,  in  inches,  from  load  diagram: 
140.0  in. 

h  =  Rise  of  arc  between  blocking  points,  in  inches,  computed, 

Mt  =  Bending  moment  in  inch-pounds  if  rib  sections  could  be  pin 
connected  at  blocking  points,  computed. 

M,„ax  ^  Maximum  bending  moment,  in  inch-pounds,  in  rib  continuous 
Cor  at  least  4  blocking  points,  computed. 

T  Thrust,  In  pounds,  scaled  from  true  force  polygon?  85600  lbs. 

S  -  Suction  Modulus  of  beam  under  consideration,  from  structural 

hand  book:  S  18.0  in.  8  x  5^  in.  WF-beam,  21  ll>s.  per  foot 
A  -  Sectional  Area  of  beam  under  consideration,  less  holes,  in 

sq.  inches,  from  structural  hand  book,  reduced  by  computation: 

A  -  b .  18  sq.  in.  less  .22  sq.  in.  for  7/8  in.  tie  rod  hole  - 
5.96  sq.  in. 

f  •  Stress  in  arch  portion  cf  rib,  in  pounds  per  sq.  in.,  computed 
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The  following  formulas  are  used  in  stress  computations: 


Mt  =  hT  (equation  1) 

Ml  =  2.1  x  85600  ~  179,760  in. -lbs. 

M  *  . 86  M.  (equation  4) 
max  t  '  n 

M  »•  .86  x  179760  =  154594  in. -lbs. 
max 

-  T  ,  *jnax 
f  =  T  +  ~7 — 
r  A  S 


f 

r 


85600  154594 

"5.96  18 


=  22950  lbs. 


per  sq.  in. 


f  ^  =■  Allowable  fibre  stress  -  24000  p.s.i.,  for  temporary  con¬ 
struction,  (May  be  set  at  any  desired  figure).  Since 
Lho  stress  fr  of  22950  p.s.i.  is  less  than  the  allowable 
stress  fai!  of  24000  p.s.i.,  this  rib  is  considered 
sat isfactory. 


Checked  as  a  Column 


19.  Having  thus  selected  the  beam  to  be  used  for  the  arch,  It  may 

be  interesting  to  Investigate  whether  this  beam  is  capable  of  acting  ns 

a  column  to  carry  the  forces  down  to  subgrado.  In  Chapter  IX  it  is  shown 

that  t ho  leg  is  normally  amply  strong,  but  a  check  is  made  here  for  the 

benefit  oi  those  Interested. 


First,  the  permitted  stress  in  the  leg  is  computed  by  means  of  one 
of  the  customary  column  formulas.  This  computation  takes  care  of  lock 
of  true  homogeneity  in  the  metal,  variation  In  the  shnpe  and  thickness 
ol:  the  section,  anil  eccentricity  of  application  of  the  forces.  All  of 
those  departures  from  perfect  conditions  cause  the  axial  force  to  set: 
up  a  bending  moment  in  tiie  leg.  This  moment,  is  maximum  at  the  middle 
of  the  leg  and  requires  reduction  of  the  allowable  stress. 

Second,  the  stress  in  the  leg  is  computed  and  compared  to  the  reduced 
allowable  stress. 


20.  The  following  symbols  are  in  addition  to  those  in  Paragraph  18. 
f  ^  -  Maximum  permitted  fibre  stress  at;  rrid-polnt  ,  in  lbc.  per 
sq.  in.,  computed. 

f  ^  -  Allowable  fibre  stress  ~  24,000  p.s.i.,  for  temporary  struc¬ 
tures,  assumed. 


I  CO 
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M.  3  Bending  moment  at  spring  line  in  inch- lbs.,  computed. 

M1  »  Bending  moment  at  point  of  maximum  deflection  of  leg  in 
upper  half  of  middle  third,  in  inch-lbs.,  computed. 

“  Deflection  of  the  leg  caused  by  bending  moment  M^,  in  inches 
computed. 

dg  =  Total  deflection  of  leg  in  the  upper  half  of  the  middle 

third,  caused  by  the  sum  of  the  moments,  in  inches,  computed 

E  =  Modulus  of  Elasticity  of  the  structural  steel  used  in  the 
rib,  which  is  29,400,000  lbs.  per  sq.  in. 

I  =  Moment  of  Inertia  of  the  beam  under  consideration,  from  struc 
tural  handbook:  I  =  73.8  in.^1 

Ry  =  Thrust  acting  on  the  leg,  in  pounds,  scaled  from  Lrue  force 
polygon:  Ry  =  84500  lbs. 

l  =  Length  of  leg  below  spring  line  blocking  point,  in  inches, 
from  load  diagram:  1  =  1.56  in. 

=  Stress  in  Leg  at  spring  line,  in  lbs.  per  sq.  in.,  computed. 

fc  =  Stress  in  the  leg  at  point  of  maximum  deflection,  in  lbs. 
per  sq.  in.,  computed. 

r  =  Radius  of  gyration  for  the  major  axis  of  the  section,  from 
structural  handbook:  r  =  3.45  in. 


24U00 


22,115  p.s.i. 


24000  x  3.45 

This  is  the  American  Institute  of  Steel  Construction  formula  tor 
Strut  Loading. 


rod  '  18000 


24000 
rod  18000 


17000  -  .4 


—  x  jj.7000  -  .485  J 


This  is  the  well-known  straight  tine  formula  adjusted  Lo  an  allow¬ 
able  fibre  stress  other  than  18000  p.s.i.  This  straight  line  formula 
will  ordinarily  give  somewhat  lower  values  than  the  A.I.S.C.  formula 
in  the  range  of  1/r  commonly  encountered  In  rib  design. 
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22,  Computation  of  stresses  in  leg.  The  following  formulas  are  used. 

-  .  67Mj_  = 

Mj  -  .67  x  2.1  x  85600  =  120,440  in. -lbs. 


f  + 

rl  A  S 


fl  " 


85600  ,  120440 


5.96 


18.0 


=  21050  p.s.i. 


dl  " 


M  ! 

di  -  -06*2  4r 

120440  x  24,356  na.  . 
•0642  x  2940006b  x  73,8  ~  *087  in> 

(.578Ml)2 


M  = 
c 


.578M, 


1 


M  = 
c 


(.578  x  120440) 


d.R 
1  v 

2 


.573  x  120440  ••  .087  x  84500 


=  77800  in. -lbs. 


f 

c 


f 

c 


84500  , 

17%  + 


77800 

18.0 


S 

~  18500  p.s.i. 


To  be  satisfactory,  the  stress  in  the  leg  must  satisfy  both  conditions 
below. 

f.  must  be  less  than  f  , , :  21_0I'0  is  less  than  24000. 

1  all 

f  must  be  less  than  f  18500  is  less  than  21345  (or  22115) 

c  red 

Thus  the*  beam  selected  for  the  arch  rib  is  also  quite  satisfactory 
!.r  the  leg. 


Example  No,  2  -  Tunnel  Support  Subject  to  Side  Pressure 


This  example  (figure  IX.A-2)  sets  forth  the  computations  made  to 
illustrate  the  advantages  of  a  full  circle  rib  over  a  straight  lugged 
rib  when  side  pressures  avo  encountered.  Vihetc  side  pressure  is  present 
it  is  necessary  to  lag  tight  and  pack  solid,  as  would  be  the  case  in 
squeezing  rock.  Hence  the  blocking  point  spacing  is  reduced  to  zero  and 
because  of  this,  there  are  no  bending  stresses  in  the  curved  portion  of 
the  rib 


ssaad 
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In  the  following  paragraphs,  the  maximum  stress  in  the  rib  is  com¬ 
puted  for  each  type  under  vertical  and  under  combined  loading.  This  is 
done  for  10  ft.  of  rock,  weighing  170  lbs.  per  cu,  ft.  with  ribs  spaced 
at  4  ft.  The  respective  carrying  capacities  in  ft.  of  rock  are  then 
obtained  by  increasing  the  load  till  the  fiber  stress  reaches  the  per¬ 
mitted  stress. 


Case  1  -  Vertical  Load  Only  on  Straight  Legged  Rib 

An  inspection  of  the  force  polygon  shown  in  Example  1,  where  a 
50-in.  blocking  point  spacing  was  used,  reveals  that  the  thrust  T  is 
less  than  the  total  vertical  reaction  R^.  As  the  blocking  point 
spacing  is  reduced  the  thrust  T  increases  until  at  zero  spacing  T  ~  R^. 


Hyj.  =  the  vortical  load  on  half  the  tunnel. 
24 

T  =  Ryt  =  x  4  x  !0  x  i/’O  =  31600  lbs. 


A  =  8.870  sq.  in.,  for  8x8  in.  WF-beam, 
ing  for  tie  rod  hole). 


81600 

8.87 


=  92  00 


p .  s .  i . 


31 


lbs . 


(after  deduct- 


Inasmuch  as  there  is  no  bending  moment  in  the  arch  rib,  f  is  also 
the  stress  in  the  straight  leg,  or  f  =  fc>  However,  the  leg  is  con¬ 
sidered  to  be  a  slender  column  and  whereas  the  allowable  figure  stress 
fa i i  in  the  arch  may  be  taken  as  24000  p.s.i.  the  fibre  stress  f  d 
permitted  for  the  leg  is  smaller  on  account  of  the  danger  of  buckling. 


r  =  3.47  In.,  for  8x8  in.  WF-beam,  el  lbs. 

1  =  114.8  in.,  the  length  of  the  straight  leg. 

Ti 


red 
As  f 


24000 

18000 


17000  -  .485 


} 


=  21900  p.s.i , 


cannot  exceed  f  ,, 
c  red’ 


the  leg  limits  the  capacity  of  the  rib 


set.  The  capacity  1L  in  feet  of  rock  then  is 

r 

H  -  x  10  feet  of  rock  or  x  10  -  23.8  ft. 

p  f  9200 


Case  2  -  Side  Unit  Pressure  Equal  to  1/3  the  Unit  Vertical  Pressure 
Acting  on  the  Straight  Legged  Rib. 

The  thrust  T  in  the  arch  remains  the  same  as  in  Case  1  as  the 
vertical  load  on  the  arch  rib  causes  the  rib  to  press  outward  against, 
the  rock  with  a  greater  force  than  the  assumed  inward  horizontal  pres¬ 
sure.  (Note:  This  statement  is  true  for  the  ratios  of  leg  length  t:o 
arch  rise  and  horizontal  pressure  to  vertical  pressure  in  this  example. 
A  longer  leg  atid/or  greater  ratio  of  horizontal  to  vertical  pressure 
may  vitiate  this  statement.) 
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There  Is  no  bending  moment  transmitted  into  the  leg  from  the  arch 
as  in  Example  1,  Bending  and  deflection  in  the  leg  does  resplt,  how¬ 
ever,  from  the  horizontal  pressure.  Hence  the  leg  is  subjected  to  r.om- 
blned  stress,  i.e.,  compression  due  to  the  thrust  T  transmitted  into 
it  from  the  arch  rib,  and  bending  stress  from  two  causes,  one  being 
from  the  active  external  horizontal  ground  pressure,  and  the  other  from 
the  thrust  acting  about  the  deflection  resulting  from  the  first. 

Since  the  thrust  T  and  consequently  the  stress  in  the  arch  is  known, 
as  explained  in  Case  1,  the  following  computations  deal  only  with  the 
stresses  in  the  leg,  which  limit  the  capacity  of  the  rib  set.  For  the 
sake  of  simplicity  the  straight  leg  is  considered  to  be  vertical. 


The  following  additional  symbols  and  formulas  are  used  in  the 
computations. 

=  Bending  moment  caused  by  lateral  pressure,  in  in. -lbs. 

..  %  13  maximum  at  .125  x  1  below  mid-point  of  leg, 

Mc  =  Bending  moment  from  all  causes  combined  at  point  of  maxi- 


The  maximum  deflection  is  slightly 

This 


mum  deflection,  in  in, -lbs. 
below  mid-point  of  leg. 

dj  =  Maximum  deflection  of  leg  caused  by  moment  in  inches 
occurs  at  ,078  x  1  below  mid-point  of  leg. 

~  Total  maximum  deflection,  from  all  causes  combined,  in  inches. 
Maximum  slightly  below  mid-point  of  leg. 

E  --  Modulus  of  Elasticity,  29,400,000  p.a.i. 

I  =  Moment  of  Inertia,  109.7  in/',  for  8  x  8-in.  WF-beam,  31  lbs. 

R v  R  t  -  T  -  Thrust  acting  on  leg,  81600  lbs. 

fc  a  Stress  in  leg  at  point  of  maximum  deflection,  in  p.s.i. 

W  =  Total  horizontal  pressure  of  rock  on  straight  leg,  in  pounds, 

Hp  =  Height  of  rock  causing  vertical  load,  10  ft, 

W  Weight  per  cu.  ft.  of  rock,  170  lbs. 

1  =  length  of  straight  leg  in  inches,  -  114.8  in. 
s  -■  Kib  spacing,  4  ft. 

all  u] 

p  4  x  10  x  170  x  114.8 

3  x  12  3  x  12 


W 


21700  lbs. 


W1 

=  'yf~2  ^°r  &  keanl  fixed  at  one  end  and  with  simple  support  at 


the  other  - 


21700  x  114.8 


175,440  in, -lbs.  This  occurs 


14.2 

at  .125  x  1  or  14.3  in.  belcw  mid-point,  of  leg. 

Wl3 _ 21700  x  1512954 

185  x  29400000  x  109.7 


18  SHI 
.078  x  1  or  9  in , 


-  ..055  in. 
below  mid-point  of  leg. 


This  occurs  at. 


The  above  moment  and  deflection  are  increased  by  the  thrust  T 
i-:ttng  around  as  a  lever  arm.  These  are  both  maximum  near  the  mid¬ 
point  of  the  leg  no  that  when  added  to  M^  the  resulting  total  moment  Mc 
n>  maximum  j>.st  below  the  mid-point.  It  is  not  important  to  find  out 
Just  wher« , 


ix.a,u 


K 


“c  =  \  “  dlRvt 


175440 


175440  -  .055  x  81600 


=  180,050  in.  lbs. 


,  Rvt  Mc  81600  180050  ^ 

fc  =  T"  +  “  =  STST"  +  27.4  ”  9200  +  6571  =  15770  p.s.i. 

This  stress  was  caused  by  10  ft.  of  rock.  The  capacity  of  the  rib 

set  then  is 


„  _  1Q  x  Irfid  10_x  21900 
Hp  1  X  f  ~  15770 


13.9  ft. 


Thus  it  may  be  seen  that  when  side  pressure  is  acting  the  straight 
leg  reduced  considerably  the  load  which  may  be  carried  by  a  horseshoe 
shaped  rib. 

This  limitation  may  be  removed  by  converting  to  a  circular  extrados. 
Design  for  the  circular  shape  is  described  below. 


Case  3  -  Full  Circle  Rib 


A  circular  rib,  using  the  same  rib  profile  as  the  horseshoe  shape 
is  drawn  over  the  horseshoe  layout,  allowing  for  minimum  concrete  thick¬ 
ness  at  the  bottom  corners  and  the  crown.  The  size  required  for  the 
24  ft.  by  24  ft.  tunnel  under  consideration  is  26  ft.  O.D. 


Since  the  ribs  are  fully  lagged  and  dry  packed  there  is  no  bending 
moment  in  the  rib.  Passive  resistance  of  the  surrounding  ground  causes 
the  thrust  line  to  pass  through  the  centroid  of  the  rib  section  at  all 
points  as  previously  described,  Therefore,  the  stress  is  entirely 
C.P’jpiesaive,  and  in  _qual  ;o  o  c-hulf  the  vertical  load.  (Horizontal 
thrust  in  the  ring  due  to  vertical  load  is  greater  than  the  active  hor¬ 
izontal  load  from  the  ground.) 


The  number  of  feet  of  rock  which  the  rib  will  carry  la  determined 
from  the  compression  strength  ol  the  rib. 

T  »  RvJ.  -  AfRjl  -  8.87  x  24000  -  212,880  lbs. 


2T  2  x  ,212880 

p  "  (0.1).)  bw  :  26  x"'i  x  170 


24.1  feet  of  rock 
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